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Introduction. One of the current approaches in cancer therapy is the development of
biological therapies, such as immunotherapy. Considerable advances have been made in
identifying and understanding the regulation of immune cells which can distinguish between
abnormal cells and normal cells. Several cell types have been identified which recognize and
kill tumor cells in a specific manner [e.g. tumor-infiltrating lymphocytes (TIL); 1-5], as well
as in a non-specific manner [e.g. lymphokine activated killer (LAK) cells and natural killer
(NK) cells]. Pertinent to this research program, T-cells (6, 7) and B-cells (8) specific for
breast, ovarian and pancreatic adenocarcinomas have been described. These observations
demonstrate that the body does mount an immune response against several adenocarcinomas.

An epitope common to breast and several other adenocarcinomas recognized by
cytotoxic T lymphocytes (CTL) is the tumor-specific epitope (TSE) of mucin. Mucin is the
major glycoprotein of mucous secretions and is normally confined to the luminal surface of
the glandular epithelial cells (9, 10). The core protein is heavily glycosylated with
carbohydrate accounting for up to 80% of the glycoprotein mass (9, 10). It is the
glycosylation which is responsible for the viscoelastic properties of mucus. The
physicochemical properties and extracellular localization of mucin therefore suggest that this
glycoprotein has a role in surface protection and lubrication of associated tissues.

Tumor-specific mucin is a normal protein that is aberrantly expressed on the tumor
cells. The tumor-specific antigenicity and immunogenicity of normal mucin is inhibited by
the extensive branching of the carbohydrate side chains. In contrast, the aberrant
glycosylation of cancer-associated mucins exposes unique antigenic epitopes on the core
protein which are masked in the fully glycosylated native form (10). This is made evident by
the development of a tumor-specific monoclonal antibody, SM3, which recognizes tumor-
specific mucins and fully deglycosylated native mucin, but not the fully glycosylated native
mucin (10, 11).

The entire mucin core protein has been cloned and sequenced (10 and references
therein). To date, at least 7 different mucin proteins have been described. The hallmark of
mucins are tandem repeating sequences. MUCI is the mucin associated with breast, ovarian,
pancreatic and several other adenocarcinomas. MUCI has the 20 amino acid repeat of
P'DTRPAPGST?APPAHGVTSA? (MUC1-mucin tandem repeat; i.e., MUC1-mtr;). Mucins
are structurally polymorphic and generally contain between 40-100 tandem repeat sequences.

The structure of the MUC1-mtr, , where n=1-3, has been partially characterized
based on NMR, hydropathicity and structure prediction calculations (11-13). Viscosity
measurements suggested that the structure is rod-shaped, but the state of aggregation was not
reported (12). Residues P'DTRP® are suggested to be poly-proline 8-turn helices (12). It is
the poly-proline 3-turn regions of the core protein which are suggested to be within the
tumor-specific epitope (12). This model is intriguing in that the positions of all of the
potential glycosylation sites surround the TSE, which is contained in the 3-turn regions.
Thus, glycosylation of any, or all, of these residues may result in altered immunogenicity of
the TSE.

The objective of this research program is to characterize the TSE of human mucin
common to breast, and other adenocarcinomas. This is essential for the development of
immunotherapeutic modalities for the treatment and prevention of cancer. Understanding the
structure-glycosylation patterns of the mtr and their relationship to the immunogenicity of the
TSE is necessary for progress is to be made in developing immunotherapeutic modalities for
prevention and treatment of breast and other adenocarcinomas. In this regard, we have
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pursued studying the basic structure of the adenocarcinomas-specific epitope of human
mucin. The approach we have taken involves the development of synthetic peptides and
recombinant mucin proteins as tumor-specific immunogens. The structure-immunogenicity
relationships of these immunogens will be studied by biophysical approaches, such as NMR
and x-ray photoelectron spectroscopy and correlated with the ability of the novel immunogens
to develop and stimulate tumor-specific CTL.

Body. Development of Tumor-Specific CTL Lines (14). We have developed four
tumor-specific human cytotoxic T-lymphocyte cell lines (CTL) from patients with
adenocarcinomas. Both MUCI1-mtr; and the mutated (T>-»N*)MUC1-mtr; non-glycosylated
peptides can elicit a mucin specific response in both peripheral blood lymphocytes (PBL) and
TIL. Specifically, peripheral blood mononuclear cells (PBMC) from a breast cancer patient,
and TIL from both breast and ovarian tumor samples were cultured in the presence of either
anti-CD3, interleukin 2 (IL2), MUC1-mtr,+IL2 or (T*»>N*MUCI1-mtr, +IL2 for 14 and 29
days, respectively. The cultures were restimulated once with the same antigens. We
assessed the expansion, phenotype [including T-cell receptor (TCR) V8 repertoire], and
cytotoxicity of these activated cells.

Two of two experiments performed with PBMC from a single patient with breast
cancer yielded similar results, indicating that our approach is reproducible within a single
patient. The expansion of CTL from this patient induced by the peptides were comparable to
anti-CD3 activated cells (Fig. 1 in ref. 14). However, the phenotype of the peptide-
stimulated cultures showed higher levels of CD8*/CD56* double positive T cells as
compared to the anti-CD3 activated cells (Fig. 2 in ref. 14). The proliferative response, as
measured by *H-thymidine incorporation, induced by (T>»N*)MUC1-mtr; was much higher
than that of both MUC1-mtr; and anti-CD3 activated T cells (Fig. 3 in ref. 14). The
cytotoxic response, as measured by >'Cr release assay against the mucin expressing breast
cell line MCF7 showed clearly that both peptide-stimulated PBMC cultures had significantly
higher mucin-specific target cell lysis as compared to anti-CD3-stimulated cultures (Fig.4 in
ref. 14). TCR analysis of these cultures indicated that each immunogen induced expansion
of a narrow T cell population, with each population expressing a unique V8 repertoire (Figs.
5 & 6 in ref. 14). Anti-CD3 activated cultures showed polyclonal expansion of T cells with
moderate increases in VB 1 and 13 expressing cells. However, MUC1-mtr, stimulated cells
showed predominantly VB 2, 13, and 14 positive populations. On the other hand, V8 18
positive cells were predominantly expanded in (T°>->N*)MUC1-mtr; stimulated cultures.

Mucin specific CTL were also generated from an ovarian TIL sample (Figs. 7 & 8 in
ref. 14). Ovarian TIL were cultured either in the presence of IL2, MUCI1-mtr;, or
(T>>N*MUCI1-mitr, for 29 days and analyzed for the phenotype changes, cytotoxic potential
and TCR repertoire. Under all conditions, the three cultures had similar phenotype profiles
showing a predominant CD4* population. However, there was a clear difference in the
cytotoxicity of these cells when tested against MCF7 target cells. The cultures expanded
with IL2, but without mucin peptides, did not show any cytotoxicity against MCF7 target
cells, whereas cultures stimulated with either mucin peptide showed killing activity.
Significantly higher levels of lysis were observed when (T*->N*)MUC1-mtr, stimulated cells
were used as effectors. TCR analysis showed different repertoires in both the MUC1-mtr,
and the (T>>N*MUCI1-mtr, stimulated cultures. TIL cultured with IL2 alone showed V3
13.2 and 22.1 predominant populations. MUC1-mtr; stimulated TIL had a dominant V8 18.1
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population, whereas (T>~>N*MUC1-mtr, stimulated cultures showed VB 2.b and 5.2 cells as
the predominant populations. Functional correlations of the TCR specificity and response
against the autologous tumor are in progress.

In addition, we have performed other experiments examining the response of an
additional breast TIL culture to stimulation by the synthetic MUC1-mtr peptides. This
culture responded similarly to MUC1-mtr; stimulation as the previously discussed cultures.

Vaccine Construction. Fowlpox viruses are capable of initiating infection of
mammalian cells, but the infection is not productive, i.e., the virus does not replicate. Thus,
fowlpox viruses have the potential of providing safe vaccines by producing antigens
intracellularly (facilitating antigen presentation) when the inserted gene is designed to be
expressed prior to replication. A fowlpox shuttle vector (PNZ1729R) containing an
expression cassette and flanking poxvirus sequences (for homologous recombination) has
been provided by Dr. K. Nazerian, along with a fowlpox virus isolate for use in preparing
recombinant fowlpox virus (15, 16). We have successfully cloned two glycosylated,
membrane associated virus antigens into the shuttle vector, and are currently defining
conditions to efficiently generate recombinant fowlpox virus. Experiments are proceeding to
subcloning mucin immunogens into the fowlpox virus for expression in mammalian cells.
The recombinant viruses will be tested for expression and membrane association of the
antigens, and for antigenicity in our CTL systems.

Surface Analysis of Native and Deglycosylated Mucin (19). X-ray photoelectron
spectroscopy (XPS) is a surface sensitive analytical technique which measures the binding
energy of non-valence electrons in atoms and molecules. The binding energy can be related
to the molecular bonding or oxidation state of an element in the outermost layer of a material
(<100A). Thus, XPS is able to identify chemical species present on the surface of a
molecule. Quantitative XPS results of C, O and N for various mucin related materials have
been determined (Table 1 in ref. 17). Briefly, amino acids and proteins are comprised of 40-
60 atom percent of carbon, 15-20 atom percent nitrogen (except for arginine which is 36
atom percent nitrogen), and 20-40 atom percent oxygen. Since the hydrogen 1s electrons
appear in valence electron bonds, it is nearly impossible to determine its energy and intensity
except in very simple systems, such as metal hydrides. Therefore, quantitative results do not
include hydrogen.

One of the goals of the proposed research is to correlate the amount of carbohydrate
coating (e.g., thickness) with immunological response for human mucin. By examining the
XPS O 1s spectra of glycosylated and deglycosylated mucin, it was found that this surface
technique can distinguish the carbohydrate coating from the mucin core protein. A
representative scan of carbohydrate oxygen taken from a powdered mixture of Glc,,-Gal,o-
GalNAc (to mimic the coating of human milk fat globule mucin) showed two major oxygen
peaks observed in each of the oxygen scans, one at a binding energy of 532.2 eV and the
other at 531.4 eV (Table 2 & Fig. 5 in ref. 17). The first peak is characteristic of O atoms
of the carbohydrate coating and the latter is characteristic of the O atoms of the protein
amide bond.

XPS examination of fully glycosylated and partially deglycosylated porcine mucin
showed an increase in the N 1s photoelectron peak on the deglycosylated mucin relative to
the native molecule. Since the XPS technique is surface sensitive, this increase would be
expected if the C- and O-rich carbohydrate coating of the core protein is decreased, thus
exposing the N-rich core protein. Similar XPS N 1s and O 1s spectra were obtained with
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bovine submaxillary gland mucin. An estimate of the coating thickness on each mucin can
be made, if one assumes that the carbohydrate coating is uniformly covering the protein.
Using a mean free path of 2 nm for a 950 eV photoelectron, coating thicknesses of 3 and 1.4
nm for the glycosylated and deglycosylated bovine mucin and 1.5 and 0.5 nm for the porcine
mucin were calculated. Deglycosylation exposes more of the nitrogen in the core protein of
the bovine and porcine mucins. The data also suggests that not all the coating has been
removed, since one might expect the N atomic concentration of the core protein to be > 15
%, based on the analyses of single amino acids and amino acid compositions prepared to
mimic the mtr. (This observation is confirmed in the paper by Gerken et al. [18]). Work is
in progress to determine the thickness of native and deglycosylated human breast milk mucin.

Structural Characterization. Initial NMR experiments have begun to confirm the
conformation of the native MUC1-mtr, peptide and the (T*>N*MUCI1-mtr; peptide
immunogen described above.

Extracellular Regulation of Lymphoid Cell Activity. A greater understanding of the
regulation of CTL may enhance our understanding of how to better develop and expand
tumor-specific CTL. We have obtained novel evidence suggesting that lymphoid cells are
regulated by extracellular ATP (19-21). The mechanism by which CTL and NK cells are
regulated is presently unknown, but our reports suggest that antigen recognition by CTL is
dependent on the hydrolysis of extracellular ATP by the ectoATPase expressed by these
cells.

Conclusions. We have demonstrated in this first year of the grant that a conservative
mutation of a potential glycosylation site in a tumor-specific epitope is effective in eliciting
an immunogenic response. This was achieved using synthetic mucin peptides containing the
entire 20 amino acid tandem repeat sequence. Also, the mutated immunogen is equal to, or
better, in stimulating tumor-specific CTL derived from PBMC from patients with breast
adenocarcinomas. There is oligoclonal expansion of the CTL stimulated with the mucin
immunogens, thus demonstrating a limited TCR repertoire that recognizes and responds to
the mucin immunogens.

The stimulation of PBMC with synthetic peptides represents an advance in current
methodologies using tumor as the immunogen in that an unlimited supply of the synthetic
immunogen can be obtained, whereas use of autologous tumor is limited to only the amount
of tumor obtained. Another advantage to this approach is that non-glycosylated immunogenic
peptides can be prepared reproducibly.

The work accomplished is on schedule with regard to the specific aims of this grant.
In the following years of this grant, the design and construction of additional mucin
immunogens, both synthetic and recombinant proteins, will be pursued. This will further
define structural features of tumor-specific mucin to better understand the immunogenicity of
this molecule for use in the adoptive immunotherapy of breast and other adenocarcinomas
and as potential vaccines against this disease.

In developing CTL, it is important to understand other factors which also may
contribute to antigen recognition. Work which we had begun prior to this grant has
demonstrated that ectoATPase is important in antigen recognition. It becomes necessary to
examine the culture conditions for the presence of extracellular nucleotides. This may have
far ranging effects on the immunotherapy of cancers and in maintaining CTL activity.
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The second focus of this work is on the structural characterization of our novel

immunogens. Although not scheduled for work accomplished until year 2 of this grant,
structural characterization has already begun. Thus, the technologies and techniques for
efficient characterization of tumor-specific mucin immunogens are well in place.

In conclusion, the work in this grant is proceeding on schedule. We look forward in

the coming years of this work to learning more on the structure-immunogenicity relationships
of tumor-specific mucin immunogens and also the action and regulation of tumor-specific
CTL as a basis for design of immunotherapies and vaccines.
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Breast Mucin Tumor-specific Epitopes for Cancer Immunotherapy
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Abstr. #C2-590. (Poster presentation)

2. Dombrowski, K.E., Wright, S.E., Birkbeck, J.C. & Moddeman, W.E. (1995) Surface
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Suppl. 2, 161, Abstr. #567-M. (Poster presentation)

Presentations:
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Spectroscopy of Human Mucin Proteins and Tandem Repeat Peptides. 10th International
Conference on Methods in Protein Structure Analysis, Snowbird, Utah, Sept. 8-13.
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ABSTRACT

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analytical technique which
measures the binding energy of electrons in atoms and molecules. The binding energy can be
related to the molecular bonding or oxidation state of an element in the outermost layer of a
material, that is < 100 A. Thus, XPS is able to identify chemical species preﬁent on the
surface of a molecule. In this paper XPS is briefly described. Spectra demonstrating its
potentiai use for probing the surface properties of amino acids, polypeptides, proteins,

carbohydrates and glycoproteins are discussed.

INTRODUCTION
XPS has also been referred to as electron spectroscopy for chemical analysis (ESCA). The

basis for XPS is the photoelectric effect (1). Irradiation of a material with monochromatic x-

rays results in the expulsion of photoelectrons from electron orbitals (e.g., s-orbitals) of the




sample. The energy of an incident x-ray is transformed into the kinetic energy of a photo-
emitted electron (Figure 1). By measuring the kinetic energy (E,) of the ejected
photoelectron and known x-ray photon energy (hv), the binding energy (E,) of that electron
can be deduced using the following equation:

E, =hv-E -w

where w is the experimentally determined work function of the spectrometer.

XPS generates its information from two modes of analyses: low resolution, or survey,
spectra and high resolution spectra. Qualitative information is normally obtained and atomic
composition can be obtained from a survey spectrum of the sample surface. Detailed
chemical bonding information (e.g., oxidation state) is acquired from high resolution scans on
each element. |

The binding energy of electrons in an element is unique to the element as well as
unique to its chemical environment. E, can change several eV due to changes in oxidation
state. When examining inner-shell electrons, the binding energies of these electrons in any
element, X, can be directly related to the oxidation state of that element in a molecule in the
following progression: X° < X* < X° < X®* < X*; i.e., the larger the positive charge
on the element, the greater the affinity of the nucleus for the remaining electrons, and hence,
the larger the E,.

XPS has routinely been used to examine the chemical structure of various organic and
inorganic materials (2). In an article on the microencapsulation of an explosive, which
contains the elements of carbon, nitrogen and oxygen (similar to the biological compounds to
be discussed), equations were written that allowed for the determination of the thickness of

the coating and the mechanism of polymer bonding to the explosive (3).




XPS has not been extensively used in the study of biological systems. A few XPS papers
have been published which examined the role of metals in biological systems. Chiu et al. (4)
studied the bonding of oxygen to selenium in a glutathione peroxidase model system,
Meisenheimer et al. (5) determined monovalent cation compositions in erythrocyte
membranes, and Pickart et al. (6) studied Ca?* flux in hepatoma cells during DNA synthesis.
In the latter study, an intramembrane Ca’* gradient was established with the highest levels of
Ca?* being at the cytoplasmic side and not towards the extracellu]af space. A few studies
have been published that have made use of XPS for the characterization of surfaces of |
bacterial cells (7), and for estimating the protein content in seeds (8).

Only a few XPS studies have been performed to study in detail the surface chemistries
of biological macromolecules such as proteins (9-11). These papers showed the zwitterionic |
nitrogen to be in a less positive state foilowing amide formation. In this paper; lbw and high
resolution XPS spectra for several amino acids related to the core protein of a glycoprotein

are reported. These results show the potential usefulness of this technique in characterizing

carbohydrate coatings on polypeptides and proteins.

EXPERIMENTATION

Samples are applied to a 25 mm? Au metal surface as a monolayer in one of the |
following methods: 1) as a powder, 2) as a solution in water (doubly distilled), 3) as a slurry
in methanol, or 4) as a slurry in a mixture of water and methanol. In the latter cases, the
solvents weré allowed to evaporate before being placed in the analysis chamber.

The instrument used in this study was a_Kratos AXIS spectrometer which uses a

hemispherical electrostatic analyzer to determine electron kinetic energies. Following sample




introduction, the chamber was evacuated to < 107 torr. The x-ray source was an aluminum
monochromator that emits an x-ray beam of 1486.67 eV. The x-ray power was 300 watts (20
mA and 15 kV). During the photoelectron process, the surface acquires a positive charge.
In order to minimize sample decomposition and charging, the sample was bathed in low
energy electrons of about 1 eV by a charge neutralizer. In this work, copious amounts of
electrons were generated by the neutralizer which were sufficient to minimize differential
sample charging. Samples were irradiated until sufficient data were collected. The amount
of x-ray degradation previously determined on glycine was found to be < 1% over two hours
of irradiation. No detectable x-ray damage was noted on the samples analyzed in this paper.
Data collection required about 90 min per sample.

XPS spectra were deconvoluted to a best fit using peak shapes of 70 % Gaussian and
30 % Lawrencian character to account for tailing toward the high E, side. Atomic %
compositions of each elemental species present were calculated by dividing the area under
each XPS elemental peak by an instrumental sensitivity factor. The sensitivity factors were
theoretically calculated (12) from photoionization cross-sectional data. It is very difficult for
the XPS technique to quantify hydrogen since the H 1s electron is part of the valence level.
These valence electrons are often associated with, or shared between, two or more elements
and thus can not be easily be used for elemental quantification. Thérefore, hydrogen is not

included in the atomic % determinations.

RESULTS AND DISCUSSION
As discussed_ earlier, XPS data are often accumulated in two ways: either low

resolution or high resolution. In the first case, the electron binding energies of a protein or




.

peptide are measured to approximately + | eV. From this determination, qualitative and
semi-quantitative information about the protein surface is acquired. That is, the elemental
constituents are determined and the atomic % composition is calculated. In the second case,
E, are determined to within + 0.1 eV. In our work, E, are determined to < 0.1 eV. From
these measurements, the electron distributions about each atom (or the charge distributions) in

the molecule are determined, and oxidation state and chemical bonding information are

inferred.

Low Resolution Spectra

Figure 2 illustrates a survey scan for the simple amino acid glycine. The spectrum
shows the three major constituents found in most amino acids: C at 285 eV, N at 401 eV and
O at 531 eV. After correcting for differences in sensitivity factors, the area. under each
photoelectron peak is proportional to the atomic concentration. For this amino acid, the
experimentally determined composition (in atomic %) from the survey scan is 42 % C, 20 %
N and 38% O. These values are in good agreement with the theoretically calculated atomic
compositions of 40% C, 20% N and 40% O.

The atomic concentrations obtained from the XPS spectra of the nine different amino
acids found in the human mucin tandem repeat sequence MUCI1 (12, 13) are given in Table
1. MUCI is a 20 amino acid polypeptide with the sequence GSTAPPAHGVTSAPDTRPAP.
An amino acid mixture with the composition of G,S,T;A,PsHVDR corresponding to the
MUCI peptide was prepared and analyzed by XPS. Again, good agreement between
experiment and theoretical values was noted. These amino acids have a range of carbon from

43% for Gly to 64% for Val. The nitrogen composition is much lower: from 12% for Asp




to 32% for Arg. The usual range for % N in proteins is about 15 to 20%. The % atomic
composition of oxygen varies much like that of nitrogen. Ranges for this element are from
16% in Arg to 41% in Ser.

The full range of sensitivity of this technique for identifying specific amino acid
substitutions in simple polypeptides and proteins is not fully established. Using a human
mucin MUCI tandem repeat peptide, we have preliminary evidence suggesting that XPS is
capable of easily identifying a point mutation in a mutant peptide containing the T'*—N*6

mutation. This mutant peptide represents a 20% decrease in the number of hydroxyl groups

present on this peptide.

A survey of carbohydrate structures found in human mucins (13, 14) is beginning to
reveal some similarities and differences between protein and carbohydrate in an XPS
spectrum (Table 2). Carbohydrates are not too dissimilar from amino écids in carbon content
(~ 55 % C in carbohydrates as compared to ~ 50% in amino acids). The % O is slightly
higher in carbohydrates (~ 45-49 % O) than in protein (~ 35 % O). However, the major
difference between amino acids and carbohydrates is their nitrogen content. In human
mucins, an average of about 3 atomic % nitrogen can be observed in samples representing
normal mucin oligosaccharide side chains to 0.3 atomic % N in the oligosaccharide.side
chains of breast cancer-associated mucin (13, 14).

The atomic % of nitrogen in_carbohydrates are clearly distinguishable from the
nitrogen composition of protein. For example, fully glycosylated porcine mucin showed a
composition of 77 % C, 4.9 % N and 18 % O (Table 2). The measured composition of
periodate-oxidized porcine mucin (Table 2) showed a decrease in the at_omic % of carbon and

an increase in the atomic % of both nitrogen and oxygen. This indicates that the mucin core




protein is being exposed by the removal of carbohydrate during periodate oxidation. Since

the core protein of a related porcine mucin has a theoretical composition of 51% C, 16 % N
and 33 % O (16), it can be concluded that the periodate treatment did not fully deglycosylate
this mucin and that it still bears a high degree of oligosaccharide side chains branched on the
GalNAc-O-Thr which are not susceptible to periodate oxidation (15). Similar to the porcine
mucin, bovine mucin showed an increase in atomic % N content from 3.2% to 9.7% after

periodate treatment. Again, indicating that bovine mucin is not fully susceptible to periodate

oxidation to remove oligosaccharide side chains.

High Resolution Spectra

Figures 3 through 5 illustrate the XPS high resolution C 1s, N Is and O s spectra,
respectively, of one amino acid (glycine), one polypeptide (polyglycine with average M, ~
4,500) and one carbohydrate (glucose). The analyses of these data are given in Table 3. As
can be seen from the data (also see Fig. 3a), glycine has two types of carbon atoms: one
methylene and one carboxylate. (A small third carbon peak is also found to be present.
Almost all materials contain a carboneous contaminant that is sometimes referred to as
ubiquitous, or residual, carbon. The source is often not readily identifiable. The C 1s
electrons from thi§ carb‘on source is often found at an E, of ~ 285 eV and has not been
assigned to any specific carbon species of the amino acid.) The higher binding energy peak
at 288.38 + 0.07 eV corresponds to the carbon atom of the carboxylate group with the
methylene carbon appearing at a lower binding energy of 286. 19 + 0.07 eV. This is
consistent with the molecular bonding and the electron charge distribution where the carbon

of the carboxylate is at a higher positive oxidation state than the methylene carbon. Also, the




intensities of the peaks are in about a 1:1 ratio, consistent with their abundance in this amino
acid. Fig. 3B illustrates the C Is data from polyglycine. Again, two peaks are seen which
are due to the amide carbon at 288.42 + 0.07 eV. The glucose C s spectrum (Fig. 3c) is
completely different from either of the above two glycine compounds. This carbohydrate
contains two carbon atoms in different chemical environments: one at 286.60 eV
characteristic of an alcohol and the other at 287.94 eV, characteristic of the anomeric carbon.
Thus, the E,'s are distinguishable between the different oxidation states of each carbon
species (i.e., a carboxylate of a zwitterion is identifiable from an anomeric carbon, or an
alcohol or from aliphatic carbons). The binding energy data reported above is referenced to
the C 1s level of the two methyl groups on Leu which was set at 285.00 eV.

Fig. 4 exhibits the high resolution N Is spectra of glycine, polyglycine and glucose.
A single N 1s peak is observed in both the glycine (Fig. 4a) and polyglycine (Fig. 4b)
spectra, but no nitrogen is observed in the glucose spectrum (Fig. 4c). The N 1s peaks
appear at different positions in the first two spectra: the nitrogen atoms in the zwitterionic
form of glycine are observed at E, = 401.45 + 0.05 eV which is characteristic of nitrogen in
a +1 oxidation state and the amide nitrogen at E, = 400.19 + 0.05 eV where nitrogen has a
lone pair of electrons. These nitrogen results are similar to those reported previously (8-10).

Glycine has two oxygen atoms.- H§wever, these electrons are equivalent due to the
resonance structures of the carboxylate anion of the acid. Fig. 5a depicts a single O 1s peak -
with a binding energy of 531.15 + 0.06 eV. Upon polymerization to form the peptide,
again, only one O Is peak is observed (Fig. 5b), but the binding energy is increased to
531.78 % 0.06 eV. The carbohydrate O Is spectrum show a broad peak that has been

deconvoluted into two structures: the primary one at 532.88 + 0.04 eV and a smaller one




with approximately one-fifth the area at 533.62 + 0.07 eV. These two peaks are

characteristic of oxygen atoms of the alcohol and pyranose ring environments, respectively.

SUMMARY

XPS is a surface sensitive technique capable of distinguishing between core protein
and carbohydrate coatings on glycoproteins. Deglycosylation of periodate-oxidized porcine
and bovine mucin were not complete. There is a difference in the composition between
coatings of normal and breast cancer-associated oligosaccharide side chains. Further
examination of XPS in terms of its sensitivities for sample amount and limits of detection is

an exciting area of protein structure analysis.
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@Figure = Fig. 1. Schematic representation of the XPS process.

@Figure = Fig. 2. Representative low resolution XPS spectrum of glycine showing the
presence of carbon, nitrogen and oxygen characteristic of amino acids.

@Figure = Fig. 3. High resolution XPS C Is spectra of (a) glycine, (b) polyglycine and (c)
glucose showing unique patterns for the different carbon atoms in each compound. Jagged
curves are the raw data and the smooth curves are the best fit approximations as described in
the text.

@Figure = Figure 4. High resolution XPS N Is spectra of (a) glycine, (b) polyglycine and
(c) glucose showing nitrogen binding energy differences between zwitterion and amide
structures. The data also shows the absence of nitrogen in the carbohydrate glucose. Jagged
curves are the raw data and the smooth curves are the best fit approximations.

@Figure = Figure 5. High resolution XPS O Is spectra of (a) glycine, (b) polyglycine and
(©) glucose showing oxygen binding energy differences between carboxylate, amide and
carbohydrate (alcohol). Jagged curves are the raw data and the smooth curves are the best fit

approximations.




Table 1. Summary of Quantitative XPS Results on Mucin-Related Materials

Atomic %

Compositions

Material %C %N %0
Ala 52! (50)? 17 (17) 32(33)
Arg 53 (50) 32 (36) 16 (17)
Asp 46 (44) 12 (11) 40 (44)
Gly 43 (40) 21 (20) 36 (40)
His 52 (50) 17 (17) 32 (33)
Pro 63 (62) 17 (16) 30 G31)
Ser 45 (43) 14 (14) 41 (43)
Thr - 53 (50) 13 (12) 37 (38)
val 64 (62) 13 (12) 23 (31)

MUCI peptide * 52 (53) 17 (16) 30 31)

! Values given are the experimentally determined atomic % composition for each element in
the corresponding amino acid. ? Values in parentheses are the theoretically derived atomic %
compositions for each element in the corresponding amino acid. * Amino acids present in the

MUCI peptide were combined in the molar ratios of GZSZT3A;P5HVDR.




Table 2. Summary of Quantitative XPS Results on Mucins and Related Materials

Atomic %

Compositions!

Material % C %N %0
Carbohydrate, normal 2 55 (50) 0.3 (0.4) 45 (49)
Carbohydrate, cancer 3 55 (52) 3.4 (3.6) 42 (44)

Porcine mucin * 77 4.9 18

Porcine mucin, partially

65 8.5 27
deglycosylated *
Bovine mucin * 72 3.2 25
Bovine mucin, partially
67 9.7 28

deglycosylated 5

! Values given are the experimentally determined atomic % composition for each element in
the corresponding amino acid. Values in parentheses are the theoretically derived atomic %
cémpositions for each element in the corresponding amino acid. ? Carbohydrates common to
normal mucins (13, 14) were combined in the molar ratios of Gal,;GlcNAc,,GalNAc, where
Gal = galactose, GIcNAc = N-acetylglucosamine and GalNAc = N-acetylgalactosamine. 3
Carbohydrate common to cancer-associated mucins (13) were combined in the molar ratios of
NANA,Gal,GalNAc;, where NANA = N-acetylneuraminic acid. * Mucins (from porcine
stomach and bovine submaxillary gland) were purchased from Sigma Chemical Co (St. Louis,

MO) * Mucins were partially deglycosylated by periodate oxidation ( 15).




Table 3. Summary of Binding Energies for Glycine, Polyglycine and Glucose: High

Resolution Data.

Cls
a-C
carboxylate
amide
alcohol
anomeric

N Is
zwitterion

amide

Ols
carboxylate
amide
alcohol

pyranose ring

E,, eV

286.19 + 0.07
288.38 + 0.07

401.45 + 0.05

531.15 + 0.06

286.42 + 0.07

288.42 + 0.07

400.19 + 0.05

531.78 + 0.06

Glycine (12 runs) Polyglycine (8 runs) Glucose (4 runs)

286.60 + 0.03
287.94 + 0.05

532.88 + 0.04
533.62 £+ 0.07

E, given are the average energies of the indicated number of runs + the standard deviation.
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Irreversible Inhibition of Human Natural Killer Cell Natural Cytotoxicity
by Modification of the Extracellular Membrane by the Adenine
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Extracellular adenine nucleotides are inhibitors of
the human natural killer cell line NK3.3 natural cyto-
toxicity activity. Natural cytotoxicity was inhibited
approximately 26% by 1 mM ATP and 21% by 1 mM
ADP. 5-Adenylyl imidodiphosphate, a nonhydrolyz-
able ATP analog, inhibited natural cytotoxicity by 41%

"ataconcentration of 1 mM and >97% at a concentration

of 10 mM. In contrast, AMP was not inhibitory. Aden-
osine was a weak inhibitor of natural cytotoxicity and

*may represent an alternate regulatory pathway. Re-

moval of the nucleotides resulted in the restoration of
control levels of natural cytotoxicity activity. The
affinity label 5'-p-(fluorosulfonyl)benzoyladenosine (5'-
FSBA) is a synthetic analog of ATP or ADP containing
an electrophilic fluorosulfonyl group capable of cova-
lently modifying proteins at adenine di- and triphos-
phate nucleotide-binding sites. Natural cytotoxicity
was irreversibly inhibited by modification of the extra-
cellular membrane of NK3.3 cells by 5-FSBA. This in-
hibition was concentration dependent with an Iy, ~100
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uM and complete inhibition at 1 mM. Modification of
NK3.3 by 5-FSBA did not affect the formation of
effector—target cell conjugates; however, granule re-
lease was inhibited. This targets the site of inhibition by
5-FSBA modification to a pathway preceding granule
release. Irreversible, covalent modification of surface
adenine nucleotide-binding proteins by 5-FSBA pro-
vides a probe to study the role of specific adenine nucle-
otide-binding proteins in the extracellular regulation
of natural killer cytolytic activity by adenine nucleo-
tides. © 1995 Academic Press, Inc.

INTRODUCTION

Natural killer (NK)® cells are LGL which spontane-
ously kill susceptible target cells in a non-major histo-
compatibility complex-restricted manner and without
prior sensitization (3). Lysis of target cells is mediated
by two mechanisms: natural cytotoxicity and antibody-
dependent cellular cytotoxicity (3, 4). Cytolytic activity
proceeds through three general steps: target cell recog-
nition, programming for lysis, and granule release (4).
The intracellular and extracellular regulation of these
processes has not been fully elucidated.

Natural cytotoxicity of nonstimulated, peripheral
blood LGL was shown to be inhibited by extracellular
nucleotides in micromolar concentrations (5, 6). How-
ever, cell populations used in these investigations were
not pure, thus leading to questions concerning whether
the cytolytic activity observed was in fact due to NK
cells. Recently, freshly isolated and characterized, non-
stimulated, peripheral blood NK cells were shown to be

5 Abbreviations used: NK cell, natural killer cell; LGL, large granu-
lar lymphocyte; IL-2, interleukin 2; DMF, N,N-dimethylformamide;
5'-FSBA, [p-(fluorosulfonyl)benzoyl}-5'-adenosine; AMPPNP, 5'-ade-
nylyl imidodiphosphate; FSB, fluorosulfonylbenzoyl; FSB-OMe, flu-
orosulfonlybenzoic acid methyl ester; PMSF, phenylmethylsulfonyl
fluoride; DTNB, dinitrothiobisbenzoic acid; N-CBZ-Lys, N-carbo-
benzoxy-lysine; E:T, etfector cell to target cell ratio.
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FIG. 1. Structure of 5-FSBA.

susceptible to inhibition by adenine nucleotides, while
IL-2-stimulated NK cells were not inhibited at the same
nucleotide levels (7). Here, we present evidence that the
cytolytic activity of the human IL-2-dependent NK cell
line NK3.3 (8) is inhibited reversibly by low millimolar
concentrations of extracellular adenine nucleotides. We
also examine the irreversible inhibition of the effect of
the cytolytic activity of this cell line by the adenine nu-
cleotide affinity label 5-FSBA (9) (Fig. 1). 5-FSBA con-
tains an electrophilic fluorosulfonyl group capable of re-
acting with nucleophilic amino acids in the ATP or ADP
binding pockets of proteins. In an extended conforma-
tion, the fluorosulfonyl group may be located in a posi-
tion equivalent to the 8- or v-phosphoryl groups of ATP
or ADP (9). 5-FSBA has been shown to covalently mod-
ify the human NK cell line NK3.3 (10). The use of cova-
lent modifying reagents specific for adenine nucleotide-
binding proteins on the surface of NK cells could prove
to be a useful technique in elucidating the role of such
proteins in the extracellular regulation of NK cell cyto-
lytic activity by permitting the investigator to dissect
their respective activity from other cellular responses.

MATERIALS AND METHODS

Materials. Nucleotides were purchased as the diso-
dium salts from Sigma Chemical Company (St. Louis,
MO). Sodium [*'Cr]chromate was purchased from NEN
Research Products (DuPont; Boston, MA). RPMI 1640,
penicillin/streptomycin, and L-glutamine were pur-
chased from GIBCO BRL (Gaithersburg, MD). Lym-
phocult-T, a source of cellular growth factors, was pur-
chased from Biotest Diagnostics (Denville, NJ). K562
and Raji cells were purchased from American Type Cul-
ture Collection (Rockville, MD). Calcein and dihydro-
ethidium were purchased from Molecular Probes (Eu-
gene, OR). Rehatuin fetal bovine serum was purchased
from Intergen Co. (Purchase, NY). All other chemicals
were of reagent grade purity.

Cell culture and maintenance. The NK3.3 cell line
(8) was a generous gift from Dr. Jacki Kornbluth (Uni-
versity of Arkansas for Medical Sciences, Little Rock,
AR). Cells were maintained in RPMI 1640 medium con-
taining 15% fetal bovine serum and 15% Lymphocult-
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T as described previously (8, 10). NK3.3 cell cvtolytic
activity was assayed 16 -2 hr after feeding.

Treatment of NK3.3 with extracellular adenosine and
adenine nucleotides.  'T'o assess the etfect of extracellu-
lar adenosine and adenine nucleotides on NK3.3 cyto-
lytic activity, these compounds were added directly to
the cytotoxicity assays to the final concentrations (ei-
ther 1 or 10 mM as indicated in the figures) without pre-
incubation. Nucleotides were prepared as 100X stock so-
lutions in RPMI 1640, pH 7.2. Alternatively, NK3.3 cells
were preincubated in the presence or absence of extra-
cellular adenosine and adenine nucleotides for 1 hr at
37°C in RPMI 1640 without fetal bovine serum at the
concentrations indicated above. After the preincubation
period, the cells were pelleted, washed, and resuspended
in fresh RPMI 1640 containing 10% fetal bovine serum
and fresh adenosine or nucleotide at the final concentra-
tions indicated. The cytolytic activity was assayed as de-
scribed below.

Modification of NK3.3 with 5-FSBA, FSB-OMe, and
PMSF. 5-FSBA was prepared by the method of Pal et
al. (11). FSB-OMe was prepared by methanolysis of flu-
orosulfonyl benzoyl chloride overnight at room temper-
ature. The highly reactive acid chloride is completely
converted to the methyl ester by this procedure. The
methanol is evaporated and the solid FSB-OMe is dis-
solved in DMF. NK3.3 cells were modified by 5-FSBA
(0.01-10 mM), FSB-OMe (1 mM), or PMSF (1 mM) sol-
ubilized in DMF as described by Dombrowski et al. (10).
Briefly, NK3.3 cells (>1 X 10° cells) were suspended in
serum-free RPMI 1640. The potential covalent-modify-
ing reagents were added to the cell suspension to achieve
the final concentrations indicated and sufficient DMF
was added to bring the final concentration of DMF to
2.5%. The final volume of the modification reaction was
held at 200 pl. Following the modification reaction, cells
were pelleted and washed once with RPMI 1640 to re-
move excess reagent. Cells were then resuspended in
RPMI 1640 containing 10% fetal bovine serum and as-
sayed for cytolytic activity. The viability of the NK3.3
cells after modification in all cases was >90% by trypan
blue exclusion and spontaneous *'Cr release was <10%.

Cytotoxicity assays. Natural cytotoxicity was as-
sayed using sodium [*'Cr]chromate-loaded K562 target
cells as described by Brunner et al. (12). The E:T ratios
routinely used were sequential halving dilutions ranging
from 20:1 to 0.3:1, unless otherwise specified. All assays
were performed in triplicate. 5!Cr released into the su-
pernatants was quantified using a Beckman 4000
gamma counter. Percentage specific release of >'Cr was
calculated as: %specific release = [(cpm test — cpm spon-
taneous)/(cpm maximum — cpm spontaneous)] X 100.
Cytolytic activity (LU) was determined by exponential
fit of specific *'Cr release using the program provided by
Pross et al. (13).
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Conjugate formation assay.  Formation of NK3.3 and
K5H62 conjugates was monitored by tlow cytometric anal-
ysis according to a modified procedure of Luce et al. (14).
Briefly, NK3.3 cells moditied by 5-FSBA (2 X 10%/ml)
were loaded with 100 uM calcein. K562 cells were loaded
with 40 upg/ml dihydroethidium. Control cells were
treated identically to the 5-FSBA-moditied cells except
that 5-FSBA was omitted from the modification reac-
tion. Following 3 X 10 ml washes with RPMI 1640, cells
were resuspended at 5 X 10% cells/ml in RPMI 1640 con-
taining 10% fetal bovine serum, 25 mM Hepes, pH 7.2,
and placed on ice. Aliquots (25 ul) of NK3.3 and K562
were transferred together into a microfuge tube and cen-
trifuged at maximum speed in a microfuge for 2 sec. Pel-
leted cells were incubated at 37°C for 6 min. Following
incubation the pellet was gently resuspended in 3 ml
PBS containing 0.2% albumin. Conjugate formation was
analyzed on an Epics Elite flow cytometer (Coulter Cy-
tometry, Hialeah, FL). Conjugates were defined by the
cell population that was positive for both calcin and di-
hydroethidium. A total of 10,000 cells were analyzed.

Measurement of serine esterase activity. Granzyme
(a serine esterase) activity secreted into the supernatant
“as a result of cytolytic activation (granule release) was
measured as described by Bajpai and Brahmi (7).
Briefly, 1 X 10° NK3.3 cells (FSBA-modified or nonmod-
" ified) were incubated with 1 X 10® K562 cells in a final
volume of 1 m! of RPMI 1640 containing 10% fetal bo-
vine serum for 4 hr at 37°C. The cells were pelleted and
granzyme activity in the supernatant was determined by
measuring the absorbance change at 405 nm in an assay
mixture which contains 0.2 mM DTNB and 0.2 mM N-
CBZ-Lys.

RESULTS

Effect of extracellular adenine compounds on natural

cytotoxicity. Figure 2 shows that the specific *!Cr re-
lease from K562 target cells increases with increasing E:
T ratio. The assay was linear with time and between E:
T ratios of 1.25:1 to 20:1.

Figure 3 shows that ATP and ADP inhibited natural
cytotoxicity 26 and 21% of control activity at a concen-
tration of 1 mM and at E:T ratios <5:1 and at LU,.
AMPPNP (a nonhydrolyzable ATP analog) inhibited
natural cytotoxicity 41% of control activity at 1 mM and
>97% at 10 mM. AMP did not effect natural cytotoxicity
at 1 mM. Adenosine gave ~30% inhibition of natural
cytotoxicity at 1 mM.

NK cells lyse Raji cells to a lesser, but significant, ex-
tent than K562 through natural cytotoxicity (<10%).
Natural cytotoxicity against Raji target cells was also in-
hibited by adenine nucleotides to a similar extent as are
K562 target cells (data not shown).

Preincubation of each nucleotide with NK3.3 cells for
1 hr at 37°C followed by assay for natural cytotoxicity
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. FIG. 2. Effect of DMF on natural cytotoxicity. Representative
experiment of three separate experiments demonstrating the linearity
of the natural cytotoxicity assay and effect of DMF on natural cyto-
toxicity. Cells were incubated for 1 hr at 37°C in RPMI 1640 in the
absence (O) or presence ([J) of 2.5% DMTF. *!Cr release experiments
were performed as described under Materials and Methods.

activity did not increase the extent of inhibition (data
not shown). Furthermore, removal of the nucleotides af-
ter preincubation and assay in fresh medium containing
no exogenous nucleotides resulted in restoration of con-
trol levels of natural cytotoxicity activity (Fig. 3). These
data demonstrate that the inhibition of natural cytotox-
icity by adenine di- and triphosphate nucleotides and
adenosine are reversible.

Effect of 5-FSBA on natural cytotoxicity. Figure 2
shows that DMF (necessary for the solubilization of 5'-
FSBA) at a concentration of 2.5% does not significantly
affect natural cytotoxicity up to an E:T ratio of 80:1. 5-
FSBA does not affect the membrane integrity of NK3.3
cells (10) and is impermeant to the membrane (15).
Modification of NK3.3 cells with 5-FSBA shows a dose-
dependent inhibition of natural cytotoxicity activity
with increasing 5-FSBA concentrations (Fig. 4). Com-
plete inhibition of natural cytotoxicity activity was ob-
tained with 1 mM of the affinity label. This inhibition
was not a result of a noncovalent interaction since ex-
tensive washing of the cells following modification did
not restore cytolytic activity.

To rule out the possibility that inhibition observed
through modification by 5’-FSBA was not due to nonspe-
cific modifications by the fluorosulfonyl group, FSB-
OMe, containing only the fluorosulfonyl covalent modi-
fying moiety, was assayed for its ability to inhibit natu-
ral cytotoxicity. Figure 4 shows that both FSB-OMe and
PMSF (a structural analog of FSB-OMe and serine pro-
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FIG.3. Effect of extracellular adenosine and adenine nucleotides
on NK cell natural cytotoxicity. Cells were assayed 16-24 hr after
feeding. Cells were preincubated with the compounds indicated for 1
hr at 37°C as described under Materials and Methods and washed
twice with RPMI 1640 containing 10% fetal bovine serum. NK3.3 cells
were then combined with 5'Cr-loaded K562 target cells and natural
cytotoxicity activity was determined as described under Materials and
Methods in the presence (+) or absence (—) of exogenous adenine or
nucleotides. (Note: AMP was not considered to be an inhibitor; there-
fore, the corresponding [—] sample was not necessary to be deter-
mined.) Percentage control was determined either at individual E: T
ratios or from comparison of the LU, as described under Materials
and Methods. Results are reported as the means + SD of at least three
experiments.

tease inhibitor) are not inhibitors of natural cytotoxicity
at concentrations of 5-FSBA which give nearly com-
plete inhibition of natural cytotoxicity. These results
suggest that the entire 5'-FSBA molecule is necessary for
the irreversible inhibition.

NK cells do not normally recognize other NK cells as
target cells. Modification of NK3.3 by 5-FSBA raises
the question of whether surface modification of these
cells causes them to become target cells. Thus, the inhi-
bition observed would be due to a loss in effector cells
résulting in a lower E: T and, hence, apparent inhibition.
To verify this, *'Cr-loaded NK3.3 cells and °'Cr-loaded
NK3.3 cells modified by 1 mM 5-FSBA served as “target
cells.” These target cells were not lysed by non-5-FSBA-
modified NK3.3 effector cells in a 4-hr 5'Cr release assay
with E:T ratios up to 20:1 (Fig. 5). These data indicate
that the inhibition of natural cytotoxicity after modifi-
cation by 5-FSBA was a result of an inhibition of the
cytolytic mechanism.

Effect of 5'-FSBA modification on E:T conjugate forma-
tion. To target the site of inhibition resulting from
modification by 5'-FSBA, the E:T conjugate formation
was examined. Figure 6 (left) shows that no E:T conju-
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FIG. 4. Inhibition of natural cytotoxicity by modification of

NK3.3 by 5-FSBA. Representative experiment of three separate ex-
periments demonstrating the dose-response inhibition of natural cy-
totoxicity by 5-FSBA. NK3.3 cells were preincubated with the various
concentrations of (O) 5-FSBA, (0) FSB-OMe, and (A) PMSF for 1 hr
prior to assay. The cells were pelleted, washed, and resuspended in
fresh medium without the inhibitors and assayed for natural cytotox-
icity activity as described under Materials and Methods.
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FIG. 5. The 5-FSBA-modified NK3.3 as potential target cells.
(O) NK3.3 cells were modified by 5-FSBA as described under Materi-
als and Methods. (O) Control NK3.3 cells were incubated in 2.5%
DMF. Both cell populations were washed, pelleted, and loaded with
*ICr as described under Materials and Methods. These 5'Cr-loaded
NK3.3 cells were considered “target cells.” Fresh NK3.3 (non-5'-
FSBA-modified or DMF-treated) were the “effector cells.” Effector
and target cells were combined in the ratios indicated and incubated
in RPMI 1640 containing 10% fetal bovine serum for 4 hr at 37°C.
The percentage specific *'Cr release was determined as described for a
natural cytotoxicity assay.
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FIG. 6. Effect of 5-FSBA modification of NK3.3 on effector cell-target cell conjugate formation. Control cells were incubated with 2.5%
DMF in parallel with cells modified by 5-FSBA. Conjugate formation was assayed for twice as described under Materials and Methods. Conju-
gate formation was not affected by incubation cells with 2.5% compared to control cells not incubated with this solvent (data not shown).
Numbers listed in each quadrant represent the percentage of cells in that quandrant. Left, ¢ = 0 min, unmodified NK3.3 cells were mixed with
K562 cells, pelleted, and immediately analyzed for conjugate formation; center, t = 6 min, unmodified control cells were mixed with K562 cells,
pelleted, and analyzed for conjugate formation after a 6 min incubation at 37°C; right, NK3.3 cells modified by 5'-FSBA were mixed with K562
cells, pelleted, and analyzed for conjugate formation after a 6-min incubation at 37°C.

gate formation is detected upon mixing and pelleting

effector cells and target cells, followed by immediate flow

cytometry analysis. Conjugate formation was observed

_when the.cells were incubated for 6 min before analysis

(Fig. 6, center). Figure 6 (right) shows that conjugate for-

mation is not affected by the modification of NK3.3 cells
with 5-FSBA.

Effect of 5-FSBA modification on granzyme activity.
To further target the site of inhibition resulting from
modification by 5-FSBA, the release of lytic granules
was examined by measuring the granzyme release fol-
lowing E:T conjugate formation. Figure 7 shows that the
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FIG. 7. Effect of 5-FSBA modification of NK3.3 on granule re-
lease. NK3.3 cells were incubated in the absence (O) or presence (O)
of 5-FSBA. Granzyme release was measured by colorimetric assay at
405 nm as described under Materials and Methods. Data represent the
means + average deviation (n = 3).

granzyme activity assay is linear for at least 30 min from
control cells, but that granzyme activity released into
the supernatant following incubation with target cells is
inhibited >90% in samples modified by 5-FSBA. This
result is consistent with the loss of cytolytic activity.

DISCUSSION

Extracellular nucleotides have been described to have
substantial stimulatory and inhibitory effects on the
physiological processes and membrane integrity of a va-
riety of lymphoid and nonlymphoid cells (16). In the NK
cell system, extracellular adenine nucleotides inhibited
the cytolytic activity of these nonstimulated, peripheral
blood effector cells (5-7). However, IL-2-stimulated NK
cells were suggested to be refractory to inhibition of cy-
tolytic activity by extracellular adenine nucleotides (7).
Here, we demonstrated that extracellular adenine nucle-
otides are inhibitory to NK cell cytolytic activities using
the IL.-2-dependent human natural killer cell line NK3.3
model system.

Natural cytotoxicity is inhibited by extracellular nu-
cleotides with increasing negative charge: whereas ATP,
AMPPNP, and ADP are inhibitory, AMP is not. The
inhibition resulting from the di- and triphosphate nucle-
otides is reversible. In contrast, the inhibition observed
by modification of NK3.3 cells by the adenine nucleotide
affinity label 5-FSBA is not reversible. 5-FSBA cova-
lently modifies NK3.3 cells by acting as an ATP or ADP
analog (10).

It is interesting to note that the inhibition of NK3.3
natural cytotoxicity by 5-FSBA and adenine nucleotides
parallels the inhibition of the ectoATPase identified on
this cell line (10). The fact that adenosine is inhibitory
to natural cytotoxicity, but not to ectoATPase activity,
may suggest an alternate, extracellular-initiated mecha-
nism of cell-mediated events, possibly through a P, pu-




204

rinergic receptor as initially suggested tor murine NK
cells (5).

5'-FSBA and nucleotides are impermeable to the cell
membrane (15) and do not atfect the membrane integ-
rity of this NK cell line (2, 10). As such the inhibition of
natural cytotoxicity observed would appear to be medi-
ated through a cell-surface nucleotide-binding protein
resulting in an inhibition of a signal transduction path-
way required for the cytolytic mechanism to proceed.

The specific protein(s) modified by 5-FSBA and the
mechanism of inhibition of cytolytic function is yet to be
determined. The use of the characterized human NK cell
line NK3.3 will facilitate the study of the interactions of
extracellular nucleotides and the affinity label 5-FSBA
on the extracellular regulatory mechanisms of cell-me-
diated cytotoxicities.
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Antigen Recognition by CTL Is Dependent upon
EctoATPase Activity’

Kenneth E. Dombrowski,?** Yong Ke,* Linda F. Thompson,® and Judith A. Kapp*

*Department of Veterans Affairs Medical Center, *Department of Internal Medicine, Texas Tech University Health Sciences
Center, Amarillo, TX 79106; *Winship Cancer Center and Department of Pathology, Emory University School of Medicine,
Atlanta, GA 30322; and *Immunobiology and Cancer Program, Oklahoma Medical Research Foundation, Oklahoma City,
OK 73104

Alloantigen-specific and OVA-specific CD8* CTL were shown here to express an ectoATPase. These CTL also
express an ectoADPase, but do not express detectable levels of an ectoAMPase. CD8* CTL transported adenosine
into their cytoplasm at a rate of 2.3 X 10™'" mmol/min/10° cells. In contrast, adenosine uptake was 34-fold lower
when ATP was used as the source of the nucleoside. This was consistent with the lack of ectoAMPase and suggests
that the role of ectoATPase is not in the salvage of extracellular nucleotides. 5’-p-(fluorosulfonyl)benzoyl aden-
osine (5'-FSBA) is an ATP analogue affinity label that irreversibly inhibits CTL ectoATPase. Cells made ectoATPase
activity deficient by modification with 5'-FSBA were not susceptible to potential lytic effects of extracellular ATP
with less than 20% specific lysis at 20 mM of exogenous ATP. However, cells modified by 5'-FSBA were unable
to kill their respective target cells. Complete inhibition of cell-mediated killing was observed with 1 mM 5’-FSBA.
CTL modified by 5'-FSBA also failed to secrete TNF-a and IFN-y after activation by the appropriate Ag. Killing was
also inhibited by 5’-adenylylimidodiphosphate (a nonhydrolyzable ATP analogue), but not by ATP, ADP, a,
B-methylene ADP (a nonhydrolyzable ADP analogue), AMP, or adenosine. Blockage of CTL activity by 5’-FSBA
was not reversed by addition of ADP, suggesting that hydrolysis of ATP is an essential ectoATPase-mediated signal
for CTL activation. These results suggest that ectoATPase is essential for Ag recognition and/or effector activities of
CTL. The Journal of Immunology, 1995, 154: 6227-6237.

- regulation of vascular tone (1). The specific actions of ex-
tracellular AMP are less well defined. Extracellular aden-
osine has substantial effects in vasodilation (12) and the

of effects on a number of different cell types (for

E xtracellular adenine nucleotides display a variety
review, see Ref. 1). Effects of ATP include mem-

brane permeabilization (1), induction of apoptosis (2—4),
organic anion transport in hepatocytes (5), and stimulation
of Ca®* mobilization in thymocytes (6, 7), smooth muscle
(8), and neuroblastoma cell lines (9-11). Extracellular
ADRP is involved in the control of platelet aggregation and
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regulation. of neurotransmitter release (13), possibly
through the modulation of intracellular cAMP levels. The
extracellular action of adenine nucleotides is mediated by
purinergic receptors (14) and by extracellular, cell-associ-
ated nucleotidases, termed ectonucleotidases.
Ectonucleotidases are expressed by cells in, or lining,
the lumen of blood vessels where high concentrations of
extracellular nucleotides occur (1). Each enzyme is re-
sponsible for the removal of specific phosphate groups
from extracellular adenine nucleotides. EctoATPase (1,
15-17) catalyzes the hydrolysis of the y phosphate of ATP
to ADP and P, whereas ectoADPase is specific for the

3 Abbreviations used in this paper: P;, inorganic phosphate; 5'-FSBA, 5'-p-
(fluorosulfonyl)benzoyl adenosine; OVA-CTL, OVA-specific CTL; AMPCP, a,
B-methylene ADP; AMPPNP, 5’-adenylylimidodiphosphate; DMF, dimethyl-
formamide; ectoATPDase, ectoATP diphosphohydrolase; PMS, phenazine
methosulfate; XTT, sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-
bis(4-methoxy-6-nitro)benzene sulfonic acid hydrate; ecto-5'-NT, ecto-5'-
nucleotidase. :
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FIGURE 1. Structural comparison of ATP and 5'-FSBA.

hydrolysis of ADP to AMP and P; (1, 18). EctoATP-
diphosphohydrolase (ectoATPDase), like ectoATPase,
acts on ATP as a substrate, but forms AMP by the sequen-
tial removal of the y and B phosphate groups (19-23).
EctoAMPase, also known as ecto-5'-nucleotidase or CD73
(24), catalyzes the hydrolysis of AMP to adenosine and P;.
Adenosine is transported across the cell membrane and
either degraded to uric acid or integrated into purine sal-
vage pathways (1, 25).

In the immune system only ectoATPases and ectoAMP-
ases have been described and characterized. EctoATPases
are expressed by polymorphonuclear leukocytes (15), lym-
phocytes (26-29), macrophages (30), NK cells (31-33),
and CTL (33, 34). EctoAMPases are present on subpopu-
lations of human T (35, 36) and B lymphocytes (37). In T
lymphocyte subpopulations, CD73 (an ectoAMPase) pro-
vides a costimulatory signal for activation and prolifera-
tion (35, 38—40). In T and B lymphocytes, a deficiency of
ecto-5'-nucleotidase activity is apparent in patients with
common variable immunodeficiency, congenital X-linked
agammaglobulinemia, severe combined immunodefi-
ciency, and a variety of other immunodeficiency diseases
(37 and references therein).

The physiologic role of ectoATPases expressed by bone
marrow-derived cells is not known. The role of ectoATP-
ase in lymphoid cell function is being examined by using
competitive nucleotide analogue antagonists and the ade-
nine nucleotide affinity label 5’'-p-(fluorosulfonyl)benzoyl
adenosine (5'-FSBA, Fig. 1) (31, 32), a structural ana-
logue of ATP and ADP (41). 5'-FSBA is well suited for
studies of extracellular regulation because it does not cross
the cell membrane (42). This affinity label contains a re-
active fluorosulfonyl group at a position that is equivalent
to the B or y phosphoryl group of ATP. When 5'-FSBA
modifies a protein at or near an ATP- or ADP-binding site,

CTL ectoATPase

covalent attachment of this affinity reagent is achieved by
electrophilic substitution of the fluoro group by basic or
other nucleophilic amino acid side chain residues fre-
quently found in nucleotide binding pockets (41).

In a murine system, ectoATPase was postulated to pro-
tect CTL effector cells from the potential lytic effects of
extracellular ATP released during granule exocytosis (34).
However, we have shown that a human NK cell line made
deficient in ectoATPase activity through inhibition by 5’-
FSBA was not susceptible to the potential lytic effects of
extracellular ATP (31, 32). Thus, the primary role of ecto-
ATPase in NK cells is not for the protection of that effector
cell population from extracellular ATP. Moreover, ec-
toATPase is required for the cytolytic activity of NK cells
because 5'-FSBA modification blocks natural cytotoxicity
(43) and Ab-dependent cellular cytotoxicity (32) (K. E.
Dombrowski, J. M. Bjorndahl, J. C. Cone, and C. A. Phil-
lips, manuscript in preparation).

In this paper we have asked whether the functions of
murine CD8” CTL that express an ectoATPase are depen-
dent upon this enzyme. We demonstrate that Ag-specific
responses are inhibited by modification with 5'-FSBA un-
der conditions that inhibit the ectoATPase activity. Thus,
ectoATPase activity is required for Ag recognition and/or
the activation of effector function in CD8*, MHC class
I-restricted, cytotoxic T cells.

Materials and Methods

ATP was purchased as the disodium salt from Sigma Chemical Co. (St.
Louis, MO). [y-*?PJATP, [2-*H]adenosine and [2-*HJATP were pur-
chased from Amersham (Arlington Heights, IL). Sodium [*!Cr]chromate
was purchased from NEN Research Products (DuPont, Boston, MA).
DMF was purchased from Aldrich (Milwaukee, WI). 5'-FSBA was pre-
pared by condensation of adenosine with fluorosulfonylbenzoyl chloride
according to the method of Pal et al. (44). All chemicals were of reagent
grade purity.

Ag

Purified chicken OVA (grade VI) was purchased from Sigma and dis-
solved in PBS, pH 74. CFA containing Mycobacterium tuberculosis
strain H37Ra was purchased from Difco Laboratories (Detroit, MI). To
prepare the OVA-CFA emulsion, 1.0 ml of soluble OVA in PBS was
added to 1.0 ml oil phase of CFA and mixed vigorously, using two glass
syringes connected through a three-way valve.

“Animals and immunization procedures

Female C57BL/10 (H-2") and BALB/c (H-2¢) mice, 8 to 12 wk old, were
purchased from The Jackson Laboratory (Bar Harbor, ME). C57BL/10
mice were injected s.c. in the hind footpads with 100 ug of OVA in
CFA or copolymer adjuvants (45, 46). Spleen cells were dispersed into
single cell suspensions and restimulated in vitro as described by Moore
et al. (47).

Cell culture and maintenance

The tumor cells used as CTL targets were MHC class Il-negative EL-4
(H-2° thymoma derived from C57BL/6 mice), E.G7-OVA (EL-4 trans-
fected with the chicken OVA cDNA gene (47) provided by Dr. M. J.
Bevan, University of Washington, Seattle, WA) and P815 (H-2¢ masto-
cytoma derived from DBA/2 mice) (American Type Culture Collection,
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Rockville, MD). WEHI164.13 is a fibrosarcoma clone that is highly sen-
sitive to TNF-a (48). All cell lines were cultured in the complete medium
consisting of RPMI 1640 (Mediatech, Washington, DC) supplemented
with 10% (v/v) FCS (HyClone, Logan, UT), 1 mM L-glutamine and 1
mM sodium pyruvate (Life Technologies, Inc., Grand Island, NY), 50
p#M 2-ME (Sigma), 100 1U/ml penicillin and 100 pg/ml streptomycin
(Mediatech), and 50 pg/ml gentamicin sulfate (Sigma), at 37°C in 6%
CO, in air.

Long-term CTL lines

Long-term CTL lines derived from splenic mononuclear cells were used

as the source of CTL for all experiments. OVA-specific CTL (OVA- -

CTL) were generated by incubating 35 X 10° splenic mononuclear cells
from C57BL/10 mice that had been primed 10 days earlier with 100 ug
OVA in CFA or copolymer adjuvants with 3 X 10° of y-irradiated
(20,000 rad; 1 rad = 0.01 Gy) E.G7-OVA cells in 10 ml of complete
medium (49). Spleen cells containing primed CTL precursors were har-
vested after 7 days. Long-term lines were established by weekly stimu-
lation of 2.5 X 10° CTL with 25 X 10° irradiated (2000 rad) syngeneic
spleen cells as filler cells and 1 X 105 irradiated E.G7-OVA in 10 ml of
complete medium plus 5% (v/v) rat Con A supernatant (40-h supernatant
of Con A-stimulated rat spleen cells) as a source of T cell growth factors.
The resulting CTL lines recognize E.G7-OVA but not the parental EL-4
cells. These cells are specific for the OVA,s;_,4, €pitope in association
with H-2K® as previously described (50, 51).

Alloantigen-specific CTL were generated by incubating 50 X 10°
splenic mononuclear cells from C57BL/10 (H-2%) mice with 50 X 10 of
+y-irradiated (2000 rad) spleen cells from BALB/c (H-2%) mice in 10 mi
of complete medium. After 7 days, 5 X 10° of cytotoxic effector cells
were harvested and restimulated with 25 X 10° irradiated (3000 rad)
BALB/c spleen cells plus 5% Con A supernatant. Long-term bulk lines
have been generated by weekly stimulation following the same protocol.
This CTL line recognizes P815 (H-2¢) targets but not syngeneic (EL-4)
targets. ,

The Ag-specific OVA-CTL and the alloantigen-specific B10Oa-
BALB/c CTL lines were determined to be 100% CD8* by FACS anal-
ysis. CTL were purified by density gradient separation using Histopaque-
1077 (Sigma).

EctoATPase activity assays

EctoATPase activity was measured using [y->>P]JATP as substrate and
counting the amount of 3P, released into the supernatants after precip-
itation of nucleotides with activated charcoal as described previously
(31). Each assay mixture contained 1 X 10° cells in a final volume of 200
pl with 0.3 mM ATP and 0.3 uCi/assay. The specific radioactivity of the
ATP substrate was generally 1 X 10'* cpm/mol.

To assay potential inhibitors of ectoATPase activity, known inhibitors
of other classes of ATPases were added directly to the assay mixture:
ouabain and vanadate are inhibitors of the plasma membrane (P-type)
class of ATPases (52, 53), nitrate is an inhibitor of the vacuolar (V-type)
class of ATPases (54), vanadate and azide are inhibitors of the mito-
chondrial (F-type) class of ATPases (54), and fluoride is an inhibitor of
phosphatases (52). AMPPNP (Li salt) (Sigma) is a nonhydrolyzable an-
alogue of ATP and is a known inhibitor of ectoATPase (31). AMPCP
(sodium salt) (Sigma) is a nonhydrolyzable analogue of ADP and inhib-
itor of ectoADPases.

The kinetic parameters of K, and V_,, were determined by Line-
weaver-Burk plots using ATP substrate concentrations ranging from 25
to 300 uM. The type of inhibition and inhibitor constants for AMPPNP
and AMPCP were determined by Dixon plot analysis at three substrate
concentrations (0.3 mM, 0.15 mM, and 0.075 mM) using inhibitor con-
centrations ranging from 25 to 200 uM.

EctoAMPase activity assays

EctoAMPase enzyme activity was assayed on intact cells by measuring
the conversion of [**Clinosine 5’-monophosphate to [**Clinosine as pre-
viously described (55). Enzyme activity was expressed as nanomoles of
product formed/hour/10° cells.
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Uptake of extracellular adenosine

Uptake of adenosine and ATP was performed as described previously
(56). Briefly, 100 ul of CTL (1 X 10° cells/ml) in RPMI 1640 containing
10% FCS were incubated with 100 ul of a 45-mM solution of {2-*H]ade-
nosine (22 Ci/mmol) or a 40-mM solution of [2-*H]ATP (19 Ci/mmol)
for the times indicated. The cells were quickly pelleted and washed three
times with RPMI 1640 plus 10% FCS to remove exogenous adenosine or
ATP. The radioactivity incorporated into the cells was determined by
scintillation counting using a Beckman LS 5801 liquid scintillation
counter.

Cytotoxicity assays

Target cells (1 X 10% were loaded with 100 to 200 uCi sodium
[3!Cr]chromate (DuPont, Boston, MA) in Tris-phosphate buffer, pH 7.4,
by incubation at 37°C for 1 h. After washing, a standard 4-h cytotoxicity
assay (57) was conducted in triplicate by incubating 1 X 10* 3!Cr-loaded
targets with 1 X 10° effector cells (E:T ratio = 10:1) in 200 pl of com-
plete medium. Aliquots of the supernatant (100 ul) were harvested and
the radioactivity was detected in a gamma counter (Wallac, Turku, Fin-
land). Experimental data were converted to percentage of specific lysis as
calculated: percent specific lysis = (release by CTL — spontaneous re-
lease)/(maximal release — spontaneous release). Maximal release was
determined by the addition of 1% Triton X-100 (EM Science, Gibbstown,
NJ). Spontaneous release in the absence of effector cells was generally
less than 15% of the maximal release in all experiments. Results are
reported as the mean of triplicates + SD of representative experiments.

Modification of CTL by 5'-FSBA

OVA-specific and alloantigen-specific CTL were modified by 5'-FSBA
solubilized in DMF or with DMF alone as described previously (31, 43).
The final concentration of DMF was held constant at 2.5%. After the
modification reaction, cells were pelleted and washed once with RPMI
1640 to remove excess 5’-FSBA, resuspended in complete medium, and
assayed for cytolytic activity. The viability of the CTL cells after mod-
ification was >90% by trypan blue exclusion.

Effect of extracellular adenine nucleotides on
cytolytic activity

In some experiments, viable CTL were preincubated with up to 10 mM
of exogenous ATP, AMPPNP (a nonhydrolyzable ATP analogue antag-
onist of ATPase activity; 31, 43), ADP, AMPCP (a nonhydrolyzable
ADP analogue antagonist of ADPase activity), AMP, or adenosine in
serum-free RPMI 1640 at 37°C for 1 h. Target cells were then added and
cytolytic activity was measured as described above. -

Challenge of CTL with extracellular ATP

To determine whether ectoATPase protects CTL from lysis by extracellular
ATP, CTL were loaded with 100 to 200 pCi sodium [*'Cr]chromate for 1 h
at 37°C. They were subsequently treated with 2.5% DMF alone, or 1 mM
5'-FSBA in 2.5% DMF at 37°C for 1 h. After washing, CTL cells were
incubated with titrated concentrations of ATP at 37°C for 4 h. Supematants
were counted for radioactivity and percentage of specific lysis was deter-
mined as: percent specific lysis = (release in the presence of ATP — spon-
taneous release)/(maximal release — spontaneous release).

Cytokine production assays

CTL were incubated with unlabeled targets at an E:T ratio of 10:1. After
4 h at 37°C, supernatants were harvested and assayed for IFN-y or
TNF-a. IFN-y was determined by ELISA as described by the manufac-
turer (PharMingen). Briefly, an ELISA plate was coated with rat anti-
mouse IFN-y capture mAb (4 pg/ml) and incubated overnight at 4°C.
The plate was then blocked with 10% FCS in PBS. Titrated rIFN-y
standards and test samples were added and incubated overnight at 4°C.
Biotinylated rat anti-mouse IFN-y detecting mAb (4 pg/ml) was then
added and incubated at 22°C for 45 min. Avidin-peroxidase (2.5 pg/ml)
was then added and incubated again at 22°C for 30 min. Finally, 2,2'-
azino-di[3-ethylbenzthiazoline sulfonate] substrate containing H,0, was
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FIGURE 2. Expression of ectoATPase by CTL. EctoATPase
activity expressed by OVA-CTL () and B1OaBALB/c CTL
(O) was measured using 2.5 X 10* CTL and [y->2P]JATP as
substrate as described in Materials and Methods. The 2P,
released into the supernatant was determined by scintillation
counting after charcoal precipitation of the nucleotides. The
specific radioactivity of the ATP substrate in this representa-
tive experiment was 1.1 X 10"® cpm/mol.

added. The colorimetric reaction was developed at 22°C and absorbance
at 405 nm was read using an automatic microplate reader (Molecular
Devices Corp., Menlo Park, CA). After each step, the plate was washed
extensively with 1% Tween in PBS. The concentrations (nanograms per
milliliter) of murine IFN-vy in samples were calculated from a standard
curve. Results are reported as the mean of triplicates + SD for a repre-
sentative experiment performed at least three times.

TNF-a was detected using WEHI164.13 (48) a cell line that is lysed
by TNF-a. Briefly, WEHI164.13 target cells were seeded into 96-well,
flat-bottom plates at 1.5 to 2.0 X 10* cells/well. Test supernatants were
then added at a final volume of 200 pl/well and incubated at 37°C for 24
h. In control wells, only complete medium was added to target cells.
Lysis of WEHI64.13 cells was determined by colorimetric reaction using
tetrazolium salt XTT (Diagnostic Chemicals, Oxford, CT), and PMS (Al-
drich) as described by Roehm et al. (58). Absorbance was read at 450 nm.
Percentage of dead cells was calculated as following: percentage of dead

" cells = 100 — (absorbance in wells with test supernatant/absorbance in

control wells) X 100. Results are reported as the mean of triplicates *

SD for representative experiments.

Results
Identification of T cell-associated ectoATPases

Two murine class I MHC-restricted CD8" CTL lines, an
OVA-CTL, and an alloantigen-specific B10a-BALB/c
CTL (H-2° anti-H-29%), were assayed for expression of ecto-
ATPase activity. Incubation of these cells with
[v-**P]ATP demonstrated that both released 32p. that was
linear with time (Fig. 2).

To determine whether the observed ATPase activity
was membrane associated or an intracellular enzyme that
was secreted or released, CTL were incubated for 20 min
under standard assay conditions without ATP and pelleted.
If the ATPase activity was secreted or released, it would
appear in the supernatant; conversely, activity associated
with the pellet would indicate a cell-associated enzyme.
Assay of both fractions demonstrated that 90 to 95% of the

CTL ectoATPase

Table I.  Characterization of CTL ectoATPase

A. Cellular Location and Kinetic Parameters

ch vmax‘
Cell line Cellular location® (M) (nmol/min)
OVA-CTL 95% cell associated 67 20
B10a-BALB/c-CTL 90% cell associated 163 220
B. Inhibitors of CTL EctoATPase
OVA-CTL B10a-BALB/c-CTL
inhibitor {% controh)? (% control)®
Quabain, T mM 95 93
No;~, 100 mM 97 85
VO,~, 500 uM . .87 87
N;7, T mM 101 85
F~, 10 mM 95 86
AMPPNP, T mM 25 ND
AMPCP, 1 mM 59 ND
5'-FSBA, 1 mM 12 10

# All assays were performed at 37°C for 20 min in triplicate as described in
Materials and Methods.

BCTL (1 X 10* cells) were incubated for 20 min at 37°C in RPM! 1640
without FCS, pelleted, and resuspended in fresh RPMI 1640; supernatant was
saved. ATP was added to a concentration of 0.3 mM containing 0.3 uCi of
[22P)ATP to each supernatant and resuspended cell pellet. Percentage of cell-
associated activity was determined by (activity of resuspended cell pellet)/(total
ectoATPase activity of 1 X 10* CTL).

€ K and V,,,, for each CTL cell line were determined by Lineweaver-Burk
plots using 25 to 300 uM ATP.

JCTL (1 X 10* cells) were assayed for ATPase activity in the presence of
compounds indicated. Values indicated are the percentage of contro! samples
not containing any exogenous inhibitors.

ATPase activity was cell associated (Table IA). This sug-
gests that the ATPase is an ectoenzyme.

Examination of the enzymatic reaction products by TLC
on silica gel F254 (EM Science, Gibbstown, NJ) and a
solvent system of isobutyric acid/NH,OH/H,O (66/33/1;
v/v/v) demonstrated ADP and AMP were both produced
by hydrolysis of ATP. When ADP was used as substrate,
AMP was the only product detected. No adenosine could
be detected using ATP or ADP as substrate. These results
suggest that the CTL do not express ectoAMPase. When
specifically assayed for ectoAMPase, the activity was be-
low the level of detection (<0.4 nmol/h/10° cells) (Fig. 3).
These results suggest that CD8* CTL express either an
ectoATPase and an ectoADPase, or an ectoATPDase.

EctoATPase activity of both CTL cell lines followed
Michaelis-Menton kinetics. CD8* CTL hydrolyzed ATP
at rates of 2.7 X 10™'° mol/min/cell and 2.3 X 107%°
mol/min/cell for the OVA-CTL and B10a-BALB/c CTL,
respectively (Fig. 2). The K,A™ and V,,, were 67 uM
and 20 nmol *’P, released/min, respectively, for the OVA-
CTL and 163 uM and 220 nmol 3?P, released/min, respec-
tively, for the B10a-BALB/c CTL (Table IA).

To characterize further the ectoATPase, CTL express-
ing this enzyme activity were assayed in the presence of
compounds that are known inhibitors specific for other
classes of ATPases (P-, V-, and F-type and ectoATPDase)
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FIGURE 3. Ecto-5'-nucleotidase activity of OVA-CTL.
Ecto-5'-NT enzymatic activity was assayed by measuring the
conversion of ['*C}IMP to ['“*Clinosine as previously de-
scribed (55) and is expressed as nanomoles/hour/10° cells.
Nonspecific nucleotide phosphatase activity, resistant to in-
hibition by the ecto-5’-NT inhibitor AMPCP, was subtracted.
The results shown are the mean * SD of triplicate determi-
nations. The ecto-5'-NT activity of OVA-CTL was beneath
the limits of detection (0.4 nmol/h/10° cells) and is shown in
comparison to that of murine spleen T and B lymphocytes as
well as to Jurkat cells transfected with CD73 cDNA (59). The
splenic T cell preparation consisted of total spleen cells de-
pleted of B cells by panning on plates coated with sheep
anti-mouse IgG (Cappell, Durham, NC). The specific B cell
preparation consisted of total spleen cells depleted of T cells
by panning on plates coated with anti-CD3 mAb 145-2C11
(a gift of Dr. ). Bluestone, University of Chicago, Chicago, IL).

and phosphatases, but not inhibitors of ectoATPase. The
concentrations of ouabain, NO;~ (P-type ATPase inhibi-
tor), VO,~ (P- and F-type ATPase inhibitor), N;~ (F-type
ATPase and ectoATPDase inhibitor) and F~ (phosphatase
inhibitor) used are at least 100-fold higher than the K; for
the respective compound. Table IB shows that both the
OVA-CTL and B10a-BALB/c CTL are not significantly
inhibited by any of these ATPase inhibitors. The fact that
both ADP and AMP (products of ectoATPDase) are pro-
duced by CTL incubated with ATP suggests that the en-
zymatic activity observed might be an ectoATPDase.
However, N5~ did not inhibit the hydrolysis of ATP by
CTL. Therefore, the observed nucleotide-hydrolyzing ac-
tivities expressed by CTL are most likely caused by two
distinct enzymes: an ectoATPase and an ectoADPase.
AMPPNP is a competitive inhibitor of the NK cell ec-
toATPase (31) and also an inhibitor of the CTL ectoAT-
Pase (Table IB). Dixon plot analysis (data not shown)
demonstrated that the inhibition was competitive with re-
spect to ATP with a K; of 146 uM. AMPCP was also an
inhibitor of phosphate release, but weaker than that pro-
duced by AMPPNP (Table IB). Dixon plot analysis (data
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FIGURE 4. Uptake of adenosine by OVA-CTL. OVA-CTL
(1 X 10° cells in 100 pl of serum-free RPMI 1640) were
incubated with a 45-mM solution of {2-*H]adenosine (@) or
a 40 mM solution of [2-3H]ATP (O) for the indicated times
and as described in Materials and Methods. At each time
point, the cells were pelleted and washed. Incorporation was
determined by scintillation counting of the cell fraction. The
specific radioactivity of [2->H]adenosine and [2-*H]ATP was
22 Ci/mmol and 19 Ci/mmol, respectively. The data are the
means * SD of triplicate determinations.

not shown) demonstrated that the inhibition was also com-
petitive with respect to ATP with a K| of 245 uM.

Uptake of adenosine by CTL

Adenosine is readily transported across the cell membrane
of CD8" CTL at an initial rate of 2.3 X 10" mmol/min/
10° cells (Fig. 4). ATP and other nucleotides are not trans-
ported: they must first be degraded to the nucleoside (56).
In fact, CTL incubated with [2->H]JATP transported only
6.8 X 107! mmol of adenosine/min, 34-fold less efficient
than adenosine transport. The slow uptake of [2-*H]ATP is
consistent with the lack of ectoAMPase expression by
these CTL.

Does ectoATPase protect CTL from lytic activity
of ATP?

We have used two CTL lines as a model system to exam-
ine the postulated role of ectoATPase in protecting T celis
from the potential lytic effects of extracellular ATP re-
leased from the lytic granules of CTL (34). Modification
of OVA-CTL and B10a-BALB/c CTL with the adenine
nucleotide affinity label 5'-FSBA-inhibited ectoATPase
activity a maximum of ~90% at a concentration of 1 mM
(Table IB; Fig. 5). Inhibition of ectoATPase activity by
5'-FSBA was dose dependent with an IDg, of ~0.1 mM
(Fig. 5). No further inhibition of activity could be achieved
even after a second round of modification with 5’-FSBA.

S1Cr-loaded CTL were treated with or without 1 mM
5'-FSBA in the presence of DMF at 37°C for 60 min. The
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FIGURE 5. Inhibition of ectoATPase by 5'-FSBA. OVA-CTL

(1 X 108 cells) were incubated in 200 ! of serum-free RPMI
1640 and 2.5% final concentration of DMF or with the indi-
cated concentrations of 5'-FSBA in DMF for 1 h at 37°C as
described in Materials and Methods. The CTL were pelleted
and resuspended in fresh serum-free RPM! 1640 at a con-
centration of 1 X 10° cells/m! and assayed for ectoATPase
activity as described in Materials and Methods. Data are rep-
resented as the mean * SD of triplicate determinations.

CTL were incubated at 37°C for 4 h with or without var-
ious concentrations of exogenous ATP (Fig. 6). The spe-
cific *'Cr-release was less than 10% in B10a-BALB/c
CTL (Fig. 6A) and less than 20% in OVA-CTL (Fig. 6B)
at 20 mM ATP. There were no statistical differences of
31Cr release between modified and control cells. CTL were
no more sensitive to ATP lysis when the ectoATPase ac-
tivity was inhibited. Thus, we conclude that ectoATPase is
not present to protect T cells from the lytic effects of ex-
tracellular ATP. -

Inhibition of CTL activities

To assess whether modification of ectoATPase affected the
cytolytic activity of CTL, B10a-BALB/c CTL and OVA-
CTL were pretreated with various concentrations of 5'-
FSBA (up to 1 mM) in the presence of DMF, which is
necessary for the solubilization of 5'-FSBA. As shown in
Figure 7, 2.5% DMF alone did not affect cytolytic activity
of either CTL line. However, cytolytic activity of both
lines was profoundly inhibited by 5'-FSBA. Inhibition was
dose dependent with complete inhibition of cytolytic ac-
tivity occurring at ~1 mM of 5'-FSBA. Moreover, there
was a linear relationship between percentage of specific
lysis of targets with increasing E:T ratios at a given con-
centration of 5'-FSBA (data not shown).

Because 5'-FSBA inhibited the cytolytic activity of
CD8™" CTL lines, we next determined whether modifica-
tion of CTL by 5'-FSBA affected the Ag-induced secretion
of lymphokines. CTL do not produce lymphokines if un-
stimulated or if incubated with an irrelevant Ag, such as
EL-4 (Fig. 8). Stimulation with the appropriate Ag triggers

CTL ectoATPase
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FIGURE 6. Lysis of CTL by extracellular ATP. Alloantigen-
specific CTL (B10a-BALB/c CTL) (A) or OVA-CTL (B) were
loaded with 100 to 200 uCi 5'Cr at 37°C for 60 min. 5'Cr-
loaded CTL were then treated with either 1 mM 5'-FSBA dis-
solved in DMF (@) or with DMF only (O) at 37°C for 60 min.
In both instances, the final concentration of DMF was 2.5%.
After washing, 1 X 10* of >'Cr-loaded cells were plated into
a 96-well, U-bottom plate and incubated with the indicated
concentration of ATP in a volume of 200 ul/well. Superna-
tants were harvested after a 4-h incubation at 37°C and the
radioactivity was measured by gamma counting. Specific ly-
sis of >'Cr-loaded target cells is reported as percentage of
S1Cr release.
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release of IFN-vy in both lines. Secretion of IFN-y was
inhibited in both B10a-BALB/c CTL (Fig. 84) and OVA-
CTL (Fig. 8B) in a dose-dependent manner by 5'-FSBA.
B10a-BALB/c CTL were more sensitive to inhibition than
OVA-CTL with near complete inhibition occurring at 0.5
mM 5'-FSBA.

Production or secretion of TNF-a by CTL also requires
incubation with the appropriate Ag (Fig. 9). The same su-
pernatants that were tested for IFN-y were screened for
TNF-a. TNF-a secretion was also inhibited in a dose-de-
pendent fashion by reaction with 5'-FSBA in both alloan-
tigen-specific CTL (Fig. 94) and OVA-CTL (Fig. 9B).

Effect of extracellular adenine nucleotides on
CTL activity

Because 5°-FSBA inhibits the cytolytic activity of CTL,
the effects of the nucleotides themselves on the cytolytic
activity were also examined. ATP, at a concentration of 10
mM, did not cause a significant release of >'Cr from the
target cells (Fig. 10). Also, ATP, ADP, and AMP at con-
centrations of 10 mM did not inhibit the cytolytic activity
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FIGURE 7. Inhibition of CTL activity by 5'-FSBA. B10a-
BALB/c CTL (A) or OVA-CTL (B) were pretreated with vari-
ous concentrations of 5'-FSBA dissolved in DMF as indicated
or with DMF alone (lane = “0”) at 37°C for 60 min, or un-
treated (lane = “—"). In samples containing DMF, the final
concentration of this solvent was 2.5%. EL-4, P815, and
E.G7-OVA tumor target cells were loaded with 100 to 200
uCi of 3'Cr at 37°C for 60 min. After washing, 1 X 10° CTL
effector cells were incubated with 1 X 10* 5'Cr-labeled tar-
get cells (E:T ratio = 10:1) at 37°C for 4 h. Radioactivity of
supernatants was measured by gamma counting. Percentage
of specific lysis of 3'Cr-loaded target cells was calculated as
described in Materials and Methods.

of either OVA-CTL (Fig. 10) or the B1OaBALB/c CTL
(not shown). The reversible ectoATPase inhibitor, AMP-
PNP, inhibited the cytolytic activity of both CTL but re-
quired higher concentrations than 5'-FSBA. By contrast,
AMPCP was not inhibitory (Fig. 10). Similar results were
obtained using the alloantigen-specific CTL (not shown).
These results are consistent with the inhibition of cytolytic
activity by 5'-FSBA and suggest that the hydrolysis of
extracellular ATP is required for the effector cell functions
described above.

EctoATPase catalyzes the hydrolysis of ATP to ADP
and P;: an ADPase further degrades the ADP to AMP. This
raises the possibility that inhibition of CTL activity by
inhibiting ectoATPase activity might be an indirect result
of the lack of ADP or AMP. However, exogenous ADP or
AMP did not circumvent the 5'-FSBA-induced inhibition
of CTL activity (Fig. 11). Thus, hydrolysis of ATP is,
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FIGURE 8. Inhibition of IFN-y production of CTL by 5'-
FSBA. B10a-BALB/c CTL (A) or OVA-CTL (B) were pre-
treated with various concentrations of 5'-FSBA as indicated,
or untreated. CTL effector cells were then incubated with
P815 (A) or E.G7-OVA (B) targets at an E:T ratio of 10:1. After
4 h at 37°C, supernatants were collected and measured for
IFN-y production by ELISA as described in Materials and -
Methods. Untreated B10a-BALB/c CTL incubated with P815
and EL-4 were used as positive and negative controls, dis-
played as upper and lower dotted lines, respectively (A). Un-
treated OVA-CTL incubated with E.G7-OVA and EL-4 were
used as positive and negative controls, displayed as upper
and lower dotted lines, respectively (B).

most likely, the essential ectbATPase-dépendent signal for
CTL activation.

Discussion

The alloantigen-specific and OVA-specific CD8" CTL
tested in these experiments express an ectoATPase, con-
firming earlier studies (33, 34) that demonstrated ATPase
activity by a subset of T cells. In addition, we found that
these CTL degraded ADP to AMP, suggesting that they
also. express an ectoADPase. The hydrolysis of both
ATP and ADP might be accounted for by the presence of
an ectoATPDase (19-23). However, the ATPase and
ADPase activities of these CTL are most probably medi-
ated by distinct enzymes because azide, a potent inhibitor
of ectoATPDase (19-23), did not inhibit the hydrolysis of
ATP observed here.

The nucleotide affinity label 5'-FSBA and nucleotide
analogues have allowed us to begin to dissect the role of
adenine nucleotides and ectoATPase in the extracellular
regulation of CTL. It is clear from the studies presented
here, and similar studies on NK cells (31, 32), that ec-
toATPase is not present to protect effector cells from the
postulated lytic effects of extracellular ATP (1, 34). Fur-
thermore, although CD8" CTL transported adenosine
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FIGURE 9. Inhibition of TNF-a production of CTL by 5'-
FSBA. B10a-BALB/c CTL (A) or OVA-CTL (B) were pre-
treated with various concentrations of 5-FSBA as indicated,
or untreated. CTL effector cells were then incubated with
P815 (A) or E.G7-OVA (B) targets at an E:T ratio of 10:1. After
4 h at 37°C, supernatants were harvested, frozen and thawed,
and then added to the TNF-a-sensitive WEH!164.13 cells at
200 pl/well in a 96-well, flat-bottomed plate. After incuba-
tion at 37°C for 24 h, lysis of WEHL164.13 cells by TNF-a
was determined by colorimetric reaction using XTT and PMS.
Absorbance was read at 450 nm. The percentage of dead
cells was calculated as described in Materials and Methods.
Untreated B10a-BALB/c CTL incubated with P815 and EL-4
were used as positive and negative controls, displayed as
upper and lower dotted lines, respectively (A). Untreated
OVA-CTL incubated with E.G7-OVA and EL-4 were used as
positive and negative controls, displayed as upper and lower
dotted lines, respectively (B).

across the plasma membrane, adenosine was not generated
from ATP by CTL, suggesting that the CTL lack ectoAMP-
ase, an enzyme previously identified as CD73 that is
expressed by some human T and B cells (24). Lack of
ectoAMPase by the CTL was verified directly by measur-
ing the conversion of IMP to inosine. Thus, CTL ecto-
nucleotidases differ from rat liver canalicular membrane
ectonucleotidases that are involved in the degradation of
ATP to the nucleoside for transport (56). More impor-
tantly, CD8" CTL cells covalently modified by 5'-FSBA
lost ectoATPase activity and lost their ability to kill target
cells. Inhibition of ectoATPase by AMPPNP also resulted
in the inhibition of cytolytic activity. The inhibition of
cytolytic activity by AMPPNP was weaker than that pro-
duced by 5'-FSBA, probably because AMPPNP is a re-
versible inhibitor, whereas 5'-FSBA covalently binds to
ectoATPase providing irreversible inhibition. Inhibition of
CTL activation was not reversed by ADP or AMP, sug-
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FIGURE 10. Effect of extracellular adenine nucleotides on
cytolytic activity. OVA-CTL (1 X 10° cells) were pretreated
with the indicated concentrations of 5'-FSBA, ATP, ADP
AMP, AMPPNP, or AMPCP at 37°C for 60 min, or untreated.
E.G7-OVA tumor target cells were labeled with 100 to 200
nCi of *'Cr at 37°C for 60 min and 1 X 10* 5'Cr-loaded
target cells were added to 1 X 10° CTL effector cells (E:T ratio
= 10:1) and incubated at 37°C for 4 h. The final concentra-
tions of the soluble, reversible inhibitors ATP, ADP, AMP,
AMPPNP, and AMPCP were maintained at 10 mM. Radio-
activity of supernatants was measured by gamma counting.
Lysis of EL-4 targets by OVA-CTL was negligibly low and is
not shown.

gesting that hydrolysis of ATP is responsible for signaling
rather than indirect mechanisms mediated by the lack of
ADP or AMP.

In addition to the inhibition of the cytolytic activity of
CD8" CTL, cytokine secretion from both CD8* CTL
lines was also inhibited in cells modified by 5'-FSBA. The
production of INF-y was more sensitive to inhibition by
5'-FSBA than production of TNF-a in both cell lines. The
explanation for these differences in sensitivity is currently
unknown,

The inhibition of cytolytic activity in CD8* CTL is sim-
ilar to the inhibition of the cytolytic activity by NK cells.
In the NK cell system, ectoATPase activity was also in-
hibited by 5'-FSBA and AMPPNP. Moreover, inhibition
of the ectoATPase by 5'-FSBA inhibited natural cytotox-
icity (43) and Ab-dependent cellular cytotoxicity by NK
cells (33) (K. E. Dombrowski, J. M. Bjorndahl, J. C. Cone,
and C. A. Phillips, manuscript in preparation). Like CTL,
ADCC by NK cells was not inhibited by ADP. However,
NK cell natural cytotoxicity was inhibited by ADP. The
explanation for these differences is not clear, but may re-
flect different activation mechanisms between natural cy-
totoxicity and ADCC. Differences in the nucleotide inhi-
bition patterns between CTL and NK cells could be
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FIGURE 11. Do extracellular adenine nucleotides reverse
5’-FSBA-mediated inhibition of CTL activity? OVA-CTL were
pretreated with 1 mM 5’-FSBA at 37°C for 60 min, or un-
treated. After washing, treated or untreated effector cells were
incubated with *'Cr-labeled E.G7-OVA targets at an E:T ratio
of 10:1, together with either 1 mM ATP, 1 mM ADP, 1 mM
AMP, 1 mM adenosine or medium as indicated. After a 4-h
incubation at 37°C, radioactivity in the supernatants was
measured by gamma counting. Lysis of EL-4 targets by OVA-
CTL was negligibly low and is not shown.

explained by end-product inhibition of ectoATPase by
ADP (31). Because NK cells do not express an ecto-
ADPase (31), accumulation of ADP might cause feedback
inhibition of natural cytotoxicity. By contrast, CTL ex-
press an ectoADPase that converts ADP to AMP, thus
reducing the potential for feedback inhibition by ADP.

The observations reported above suggest that hydrolysis
of ATP by ectoATPase is required for Ag recognition by
CTL. It does not seem likely that the inhibition of killing
and lymphokine secretion are mediated through a P, re-
ceptor because 5’-FSBA does not inhibit P, purinoceptor-
mediated responses (60). Also, both ATP and AMPPNP
are agonists of the P, class of purinergic receptors (14),
but only AMPPNP is an inhibitor (antagonist) of the CTL-
mediated killing. Furthermore, if a P, receptor was in-
volved in down-regulating cytolytic activity and cytokine
secretion, it would be expected that ADP and AMPCP also
inhibit these activities because both are also agonists of P,
receptors. However, neither of these adenine nucleoside
diphosphates had any effect on cell-mediated killing.
These results suggested that hydrolysis of ADP is not nec-
essary for Ag recognition and that ectoADPase activity
serves some other cellular function.

The role of ectoATPase activity in Ag recognition by CTL
is not known. In an NK system, inhibition of ectoATPase by
5'-FSBA does not inhibit E:T conjugate formation (43), but
does inhibit Ca>* mobilization triggered by cross-linking the
FcyRIII receptor (CD16) expressed by these cells (K. E.
Dombrowski, J. M. Bjorndahl, J. C. Cone, and C. A. Phillips,
manuscript in preparation). In some T cells, exogenous ATP
stimulates intracellular Ca®* flux (6, 7), whereas AMPPNP
does not (6). In addition, TCR interaction with peptide-MHC
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complexes or insolubilized anti-receptor Ab induces the mo-
bilization of Ca®* (reviewed in Refs. 61 and 62). Thus, the
hydrolysis of extracellular ATP may be an essential step in
Ca®* mobilization mediated by TCR and FcR triggering.

EctoATPase activity is not detectable on naive splenic T
cells (K. E. Dombrowski, Y. Ke, and J. A. Kapp, unpub-
lished observations) suggesting that expression of the en-
zyme is a consequence of T cell activation. This is also
similar to the NK system in which the ectoATPase is in-
duced by IL-2 and other cytokines (32, 33). The observa-
tion that these CTL lines express the enzyme continuously
probably reflects the fact that long-term T cell lines do
not resume a resting state in vitro. Nevertheless, the
ectoATPase is required for activation of these CTL lines
by Ag. Whether the enzyme is required for the initial rec-
ognition of Ag via the TCR or for a down-stream event
cannot be determined from these studies because the as-
says were performed several hours after interactions be-
tween T cells and their targets. Studies are currently un-
derway to examine earlier events after interaction of CTL
and target cells.
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ANTIGEN-SPECIFIC CYTOTOXIC T-LYMPHOCYTE

(CTL) RESPONSE INDUCED BY TUMOR-SPECIFIC
MUC1 MUCIN PEPTIDE FROM HUMANS WITH
ADENOCARCINOMAS. Stephen E. Wright,'? Karen E. Lowe,
Sohel Talib, Lydia Kilinski, Kenneth E. Dombrowski,' Jane S.
Lebkowski, and Ramila Philip. 'Veterans Administration Medical
Center and Depts. of 'Internal Medicine, and *Cell Biology and
Biochemistry, Texas Tech University Health Sciences Center,
Amarillo, TX 79106 and Depts.-of Molecular Biology and Cancer
Biology, Applied Immune Sciences, Inc. Santa Clara, CA 95054.
One of the challenging goals in breast cancer immunotherapy is to
increase tumor-specific cell-mediated immune response. Mucins are
glycoproteins expressed by ductal epithelial cells of a variety of
tissues, including breast, ovary and pancreas. Breast, ovarian and
pancreatic carcinomas produce an dbundance of highly immunogenic,
aberrantly glycosylated mucins with shorter carbohydrate side chains
than those of mucins expressed by nonmalignant cells. Tumor-
specific epitopes are exposed in the -hypoglycosylated mugcin, and it
. has been shown that deglycosylated normal mucin can induce tumor-
specific monoclonal antibodies. Our approach is to use IL-2 ‘and
immunogenic mucin peptide ligands to activate and expand CTL
from humans with adenocarcinomas that will recognize the tumor-
specific epitope. It has been observed that the T-cell receptor (TCR)
VB repertoue may be restricted in humans with cancer. Since the
TCR is involved in antigen recognition, T-cell activation, and the
triggering of effector functions, it is of considerable significance to
determine the TCR VP repertoire expressed by cells which have been
treated with IL-2 and MUCI1 mucin peptides. We have expanded
peripheral blood lymphocytes from humans with adenocarcinomas
using a native MUCI1 mucin tandem repeat peptlde (MUCl-mtr,), a
(T>>N*)MUC1-mtr; or immobilized anti-CD3, in the presence of IL-
2 for a period of 14 days. The data indicate that the peptide-
stimulated and expanded T-cells show antigen specific changes which
were not induced by polyclonal activation and expansion.




Introduction

Mucins are polymorphic, O-linked glycosylated proteins expressed
on the surface of ductal epithelial cells. The extracellular domain of
mucins consists of 25 to 100 or more tandem repeats of a 20 amino acid
sequence (1,2). The mucin glycosylation level is lower in cancer cells
than in normal cells of ductal epithelial tissues (e.g., breast, ovary or
pancreas) (3). This hypoglycosylation may result in the exposure of
tumor-specific epitopes which are hidden in the fully glycosylated mucin.
Some monoclonal antibodies raised against deglycosylated mucin have
been shown to be tumor-specific (4-6). Previous studies showed that
anti-mucin cytotoxicity is major histocompatibility complex (MHC)
unrestricted. It is hypothesized that the mucin epitope can bind and
activate the TCR in the absence of antigen processing and MHC
presentation because of its highly repetitive , multivalent structure (7,8).
Tumor-associated mucins may be effective target antigens for CTL in
* cancer immunotherapy.

Our aim is to stimulate and expand CTL that will specifically
recognize and lyse adenocarcinoma cells. The strategy is to use
tumor-specific mucin peptides to prime and activate T-cells from humans
with adenocarcinomas, and to select CTL with the appropriate functional
activity.  We are using two mucin tandem repeat (mtr) peptides:

Native mucin (MUCI-mtr,) PDTRPADGSTAPPAHGVTSA
Mutant mucin ([T>—»N*]MUCI-mtr;) PDNRPADGSTAPPAHGVTSA

The monoclonal antibody (mAb) tumor-specific epitope is PDTRP. T2 is
mutated to N° in (T>->N*)MUCI-mtr,. Both peptides are recognized by
the tumor-specific anti-mucin monoclonal antibody SM3, indicating that
the T to N substitution does not alter antibody cross-reactivity. We
determined the phenotype, proliferation, and cytotoxicity of T-cells from
humans with adenocarcinomas which were cultured with mucin peptides.
In order to see whether a dominant TCR repertoire develops in these cells
in response to the tumor-specific mucin stimulation, we analyzed the
patterns of TCR V3 expression.




Materials and Methods

Cell culture conditions. Mononuclear cells (MC) from humans with
adenocarcinomas were isolated by Ficoll-Hypaque density gradient
centrifugation. Cells were cultured in AIM-V® serum free lymphocyte
medium (GIBCO-BRL) in a 37°C humidified 5% CO, incubator as
detailed below.

(@ MC were cultured with 100 IU/ml IL-2 and either 1 ug/ml MUCI-
mtr, or 1 ug/ml (T>->N°*)MUCI-mtr, for 14 days. The cells were
harvested on day 17 (controls) or washed on day 14 and restimulated with
either 1 ug/ml MUC1-mtr, or (T3—>N3)MUC1-m'cr1 for 3 days and
harvested on day 17.

(b) CD3 T cells were isolated from MC on day 0 on AIS CD3
microCELLector™ T-25 flasks containing immobilized anti-CD3 mAb.
The adherent CD3 cells were cultured with 600 IU/ml IL-2. The cells
were harvested on day 17 (controls) or washed on day 14 , cultured with
‘either 1 ug/ml MUCIl-mtr; or (T>-»N*)MUC1-mtr,, and.harvested on

day 17.

(c) CD3 T cells were isolated as in (b), and cultured with 600 IU/ml
IL-2. On day 10, CD8 T cells were isolated from the CD3 cells using
AIS CD8 microCELLector™ T-25 flasks. The adherent CD8 cells were
harvested on day 17 (controls), or were washed on day 14, cultured with
either 1 ug/ml MUC1-mtr; or (T>»N°*)MUCI-mtr,, and harvested on

day 17.

(d) CD3 T cells were isolated as in (b), treated with 1 ug/ml soluble
anti-CD28 mAb on day 0 and 600 IU/ml IL-2 on day 1. CD8 cells were
isolated on day 10 and cultured as in (c). :

Phenotyping. Cells (5§ x 10° per aliquot) were obtained from day 13
ex vivo cultures, stained with fluorochrome-conjugated mAbs against
CD4, CD8, CD56, and CD28, and analyzed by flow cytometry using the
Becton Dickinson FACScan/Lysis II™ system.

Proliferation assays. Cells were adjusted to 1 x 10¢ cells/ml and
dispensed at 100 ul per well of microtiter plates. Cells were incubated for
2 days, pulsed with ["H]thymidine (1.0 uCi per well) and harvested after
24 hr. Radioactivity was measured by liquid scintillation counting.

Cytotoxicity assays. MCF7 breast cancer cell line which expresses
underglycosylated mucin was used as the target cell line in a standard




chromium release assay. The MCF7 cells were labeled with *Cr (200 uCi
per 1 x 107 cells) and 5 x 10° target cells/well were added to triplicate
wells of microtiter plates. The effector cells were tested at indicated
effector/target ratios. AIM-V medium was added in place of effector cells
to the spontaneous *Cr release control wells. -10% Triton X-100 was
added instead of effector cells to the maximum target lysis control wells.
Cells were incubated for 4 hr. The supernatants were harvested and the
radioactivity measured by liquid-scintillation counting. The specific
cytotoxicity was calculated by:
% lysis = (mean experimental cpm - mean spontaneous cpm)x100

(mean maximum cpm - mean spontaneous cpm)

TCR VB analysis. For RT-PCR, ‘mRNA was isolated from cells (= 10
per sample) using the Invitrogen Micro-FastTrack™ mRNA kit according
to manufacturer’s instructions. First strand cDNA was prepared from the
poly(A)" mRNA using oligo dT primer and MMLV reverse transcriptase
according to the GIBCO-BRL SuperScript™ protocol. The cDNA was
amplified by Taq DNA polymerase in a 50 ul PCR for each of the 24
known TCR Vp gene families. The PCR primers were from the Vj
T-Cell Receptor Typing Amplimer kit (Clontech), and were designed to
have similar Tm’s. The PCR profile was: denaturation at 94°C for 30 s,
annealing at 55°C for 30 s, and extension at 72°C for 60 s for 30 cycles,
- followed by final extension at 72°C for 7 min on a Perkin Elmer Cetus
480 DNA thermal cycler. The amplified products were analyzed by 2%
agarose gel electrophoresis and scanning laser densitometry (Molecular
Dynamics 300A/ImageQuant system).




Conclusions

1.Tumor-specific mucin peptides provide a promising approach to
stimulate the proliferation and tumor-specific cytotoxwlty of CTL from
MC of humans with adenocarcinomas.

2.The cultured MC exhibited greater proliferative and cytotoxic responses
after mucin treatment than did CD3"* or CD8" cells. The other (non-T)
cells among the MC may serve as antigen presenting cells which, although
unnecessary for T cell stimulation by mucin, may further enhance the

mucin effects. -

3.The native and mutant mucin peptides induced different TCR Vj
repertoires in the MC and CD3" cells. These results indicate that the
single T to N amino acid substitution in the mAb tumor-specific mucin
epitope can influence the mucin-TCR interaction.

4.Further studies are needed to establish the optimal culture conditions for
expandmg tumor-specific CTL subpopulations from MC, and to determine
mucin peptide sequences that w111 produce the most effective CTL for
cancer immunotherapy.
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Figure Legends:

Figure 1. Mucin Peptide Induced Expansion of CTL. PBMC from a breast cancer patient was
cultured in the presence of anti-CD3, MUCI1-mtr, +100IU/mI thIL2 or (T*-»N*MUC1-mtr, + 100
IU/ml IL2 for 14 days. The cells were counted on day 14 and fold expansion was calculated.
Anti-CD3 activated cultures showed the highest level of expansion compared to the peptide
stimulated cultures. Both MUC1-mtr, and (T>~>N’)MUC1-mtr, showed comparable expansion.

Figure 2. Phenotype Analysis After Mucin Peptide Stimulation. a. mAbs used are for helper
T cells (CD4), cytotoxic T cells (CD8), natural killer cells (CD56) and activated T cells (CD28).
The PBMC cultured with MUC1-mtr, and the PBMC cultured with (T>~>N*MUCI1-mtr, had
similar profiles with respect to CD4%(40%), CD8*(30%), CD56(35-38%), and CD28*(54-
59%) subpopulations. The CD3*T cell population had the expected CD4*(49%), CD8*(50%)
composition and a slightly higher level of CD28*(79%) cells. The CD3*T cells treated with
soluble anti-CD28 mAb displayed the highest level of CD28* cells (94%). b. In addition to
CD4, CD8 and CD56, mAbs for memory T cells (CD45RO) and naive T cells (CD45RA) were

used.

Figure 3. Proliferative Response After Peptide Restimulation. Proliferative response after
mucin peptide treatment was highest for PBMC cultured initially with the mutant (T?*-»>N*MUC1-
mtr,. The PBMC cultured initially with the MUCI1-mtr, proliferated slightly better than the
CD8* cells cultured with or without the anti-CD28 mAb. The CD8* cells had been treated with
mucin only during the last 3 days of culture. There was little difference in PBMC response to
the MUC1-mtr; and (T3—>N3)MUC1—mtrl peptides administered during the 3 day restimulation.

Figure 4. Cytotoxic Response After Peptide Restimulation (MCF7). Cytotoxic response against
the MCF7 breast cancer cell line (effector/target ratios of (a)40:1 or (b) lower) was higher for
the PBMC treated with either peptide than for the CD3* cells which had been exposed to either
of the mucin peptides only during the last 3 or 5 days of culture.

Figure 5. TCR Analysis of Mucin Peptide Stimulated PBMC Cultures. a.-d. The predominant
TCR V8 families expressed were V82, VB4, V813, and V814. MUCI1-mtr, and (T*->N*)MUCI-
mtr, peptides had strikingly different effects. In general, the PBMC treated with MUCI1-mtr,
from day O expressed higher levels of VB2, VB84 and VB14 than did the corresponding PBMC
treated with (T>>N*>MUC1-mtr, from day 0. (T*>N*)MUCI1-mtr, given to PBMC during the
3 day restimulation period drastically inhibited VB expression, regardless of the initial mucin
peptide treatment. The CD3* cells that had been given MUC1-mtr, during the last 3 days of
culture showed enhanced VB2 and V814, and decreased V813 compared to the mucin-free
control. The (T*~>N*)MUCI1-mtr, repressed VB2, V813 and V814 expression by the CD3* cells,
but boosted the VB4 expression by CD3* cells over two-fold compared to the mucin-free control
or the MUC1-mtr, treatment. e. PBMCs were stimulated for 14 days and then restimulated for
3 days with indicated stimulants. V{ gene expression was then determined by PCR of RNA of

the cells.

Figure 6. Phenotype Analysis after Mucin Peptide Activation. Day 29 ex vivo phenotype
- analysis of an ovarian TIL using mAbs for helper T cells (CD4), cytotoxic T cells (CD8),




natural killer cells (CD56), memory T cells (CD45RO) and naive T cells (CD45RA). TIL
cultured with IL2 alone, MUCI1-mtr, +IL2 or the (T*>N’)MUCI1-mtr, +IL2 had similar profiles
with respect to the phenotype. All the three conditions had predominant CD4* and CD45RO*
T cells. Both IL2 and (T>»N*)MUCI-mtr, cultured TIL showed a slight increase in CD8* T
cells as compared to the MUCI-mitr, cultured T cells.

Figure 7. Cytotoxic Response After Mucin Peptide Stimulation (MCF7). Cytotoxic response
against MCF7 target as measured by *'Cr release assay was performed using ovarian TIL
cultured with IL2 and peptides as effectors. TIL cultured in IL2 alone did not show any lysis
against MCF7 at either 20:1 or 10:1 effector target ratios, whereas, both peptide stimulated
cultures showed a significant level of lysis. Furthermore, (T>->N*)MUCI1-mtr, stimulated T cells
showed the highest level of lysis against the MCF7 target. ‘_

Figure 8. TCR Analysis of Mucin Peptide Stimulated Ovarian TIL. TCR analysis of ovarian
TIL cultured in IL2 or peptides was performed. On day 29 the cells were harvested and TCR
analysis was performed using an RNase protection assay. TIL cultured with IL2 alone showed
V(3 13.2 and 22.1 predominant populations of T cells. However, MUC1-mtr, stimulated cultures
showed VB 18.1 as the predominant population. Similarly, (T>-»>N*)MUC1-mtr, cultured TIL
showed predominant VB 2.1 and 5.2 positive population.
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Fig.2a

PHENOTYPE ANALYSIS AFTER MUCIN PEPTIDE STIMULATION
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PROLIFERATIVE RESPONSE AFTER PEPTIDE RESTIMULATION
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CYTOTOXIC RESPONSE AFTER PEPTIDE RESTIMULATION (MCF7)

Fig. 4a
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Fig.4b
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Mucin Peptide Stimulated PBL Cytotox
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Fig.5e

TCR Analysis of Mucin Peptide Stimulated PBMC Cultures
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SURFACE ANALYSIS OF PROTEINS AND RELATED MOLECULES BY X-
RAY PHOTOELECTRON SPECTROSCOPY (XPS). Kenneth E, Dombrowski
and Stephen E. Wright VA Medical Center and Dept. of Internal Medicine, Texas
Tech University Health Sciences Center, Amarillo, TX 79106. Janine C, Birkbeck
and William E, Moddeman. Mason and Hanger/Pantex Plant, Amarillo, Tx 79177
XPS is a surface-sensitive analytical technique which measures the binding
energy of non-valence electrons of atoms in the first 100A of a material. The
binding energy can be related to the molecular bonding or oxidation state of an
clement. We have obtained XPS spectra on amino acids and polyamino acids
which comprise the human MUC1 peptide PDTRPAPGSTAPPAHGVTSA.
Characteristic binding energies (Ep) for carbon atoms ranged from 280 to 290 eV,
397 to 405 eV for nitrogen atoms and 529 to 536 eV for oxygen atoms. The
precision is + 0.1 eV. Within each range of E;, for each atomic species, different
oxidation states were readily identifiable. Thus, a COO-zwitterion is '
distinguishable from an amide, alcohol and aliphatic carbons. XPS also yields
information about the atomic composition molecules. Differences between the
theoretical % composition and measured values generally differed by <1%. A
mutated T>~N* MUCI1 peptide has been analyzed by XPS. This mutation
represents a 20% decrease in the number of hydroxyl groups present. XPS readily
detected this decrease. Furthermore, we have begun to study the differences
between components of protein and simple carbohydrates. ‘Whereas amino acids
exhibit a nitrogen composition of 10-20%, carbohydrates found on human mucins
are generally composed of < 3% nitrogen. Work is directed to further refining the
XPS differences among amino acids, peptides, proteins, and simple and complex
carbohydrates in order to study the biochemistry of these human glycoproteins.
This work was supported in part by funds from the Elsa U. Pardee
Foundation, Dept. of Veteran Affairs, Dept. of the Army, and Dept. of Energy.




